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Environmental stress is widely recognized as one of the main
risk factors in neuropsychiatric diseases, including mood
and anxiety disorders. Stress, with the ensuing activation
of the hypothalamic-pituitary-adrenal axis, deeply affects
neurotransmission and synaptic morphology in brain areas
associated with behavioral responses and mental states. Clinical and preclinical studies have demonstrated that the impact
of stressful life events on emotional and cognitive behaviors
may vary depending on the nature of stress, its intensity or
duration, and the time window of development during which
stress exposure occurs (perinatally, adolescence, adulthood,
or advanced age). The many-sided faces of stress also depend
on brain region, sex, and individual differences.
When the stress response is efficient, it can induce
adaptive neuroplasticity and improve cognition; however,
when the stress response is overused, it can have toxic effects.
A maladaptive stress response can lead to epigenetic changes
associated with impaired brain functions and may ultimately
trigger the development of neuropsychiatric disorders. Thus,
the identification of neural mechanisms underlying resilience
and vulnerability to stress is of crucial importance in understanding the pathophysiology of neuropsychiatric disorders
and in developing improved treatments.
Four papers within the special issue deal with the longterm impact of early-life stress on neurotransmission, behavior, and coping strategies in the adulthood. In our review
paper, we discuss the recent literature on the remodeling of excitatory neurotransmission and brain morphology,

induced by acute and chronic stress in animal models.
We also discuss that the integration between perinatal and
late-life experiences may induce long-lasting consequences
on neuronal excitatory transmission and morphology. We
propose that reprogramming mechanisms may underlie the
reorganization of excitatory neurotransmission in the shortand long-term response to stressful stimuli. The review by
A. Ashokan et al. focuses on “stress inoculation,” suggesting
that previous exposure to stress may improve coping strategies and stress resilience. The authors report experimental
evidence indicating that moderate stressors, especially during
early life, lead to enhanced health outcomes and stress
resilience, while more severe stress may have deleterious consequences on health. G. Grigoryan and M. Segal contributed a
review describing opposite functional and structural changes
in dorsal versus ventral hippocampus induced by prenatal
stress. This review summarizes the recent literature with
emphasis on the importance of the septotemporal axis of the
hippocampus in stress effects. Finally, an article by J. Maguire
and I. Mody demonstrates that a mouse model of postpartum
depression increases depressive- and anxiety-like behaviors
in the offspring.
The issue contains three review papers highlighting stress
as a major risk factor in the etiopathogenesis of stressrelated disorders. First, D. Ness and P. Calabrese discuss the
influence of stress on multiple memory systems and their
contributions to the learning process leading to behavioral
alterations. I. Negrón-Oyarzo et al. review the specific role
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of the prefrontal cortex in the maladaptive response to
stress. The authors suggest that the impairment of functional
connectivity within the prefrontal cortex induced by chronic
stress has a mechanistic role in the etiopathogenesis of
psychopathologies. The link between chronic stress and systemic illness (including neurological disorders, substance and
alcohol abuse, neurodegenerative disorders, cardiovascular
diseases, and gastrointestinal and metabolic disorders) is
discussed by V. Duric et al. The authors emphasize that stress
is a common risk factor in the pathophysiology of both
psychiatric and systemic disorders.
Within the special issue, we have the honor to include a
provocative review by E. R. de Kloet and M. L. Molendijk. The
authors discuss the use of the forced-swim test as a reliable
model for measuring depressive-like behavior. They report
that the test is generally accepted to assess the antidepressant
potential of drugs. However, rodents quickly activate coping
strategies to adapt to the stressor, suggesting that the test
could be used in the study of mechanisms of adaptation,
rather than assessing depressive-like behavior.
Three research articles describe molecular and behavioral changes induced by stress in animal models of mood
disorders. Y. Dwivedi and H. Zhang demonstrate reduced
activation of the extracellular signal-regulated kinase 1/2
(ERK1/2) cascade in the brain of learned helplessness rats,
highlighting the role of ERK1/2 signaling in stress vulnerability. The paper by A. Ieraci et al. describes behavioral deficits
and changes in gene expression induced by social isolation in
adulthood. In particular, the authors propose that increased
anxious- and depressive-like behavior is associated with
reduction of several neuroplasticity-related genes induced
by social isolation stress. R. Molteni et al. show changes
in activity-dependent transcription levels of Brain-Derived
Neurotrophic Factor (BDNF) in the hippocampus of chronic
mild stressed rats, a model that recapitulates the phenotypic
hallmarks of depression.
Other research papers focus on both the immediate
and delayed effects of different protocols of acute stress. D.
Bonini et al. demonstrate that acute footshock stress induces
time-dependent changes in glutamate receptor subunits in
prefrontal and frontal cortex. Of note, this is consistent
with stress-induced enhancement of glutamatergic synaptic transmission. H. A. Vecchiarelli et al. present a paper
analyzing the time-dependent changes induced by acute
stress. Here, selective time-dependent changes in enzymes
belonging to the kynurenine metabolic pathway were found
in corticolimbic areas of rats subjected to acute restraint
stress. This suggests that the dysregulation of kynurenine
metabolites may alter excitatory signaling. Another paper
examines the long-term behavioral consequences of transient
middle cerebral artery occlusion in rats. J. Kasahara et al.
use a model of poststroke depression induced by transient
ischemia. They demonstrate a spontaneous depressive-like
phenotype 20 weeks after the induction of cerebral ischemia,
which is associated with loss of granular neurons in the
ipsilateral hippocampus, increased apoptosis, and changes
in neurogenesis. Interestingly, these behavioral and cellular
deficits were prevented by treatment with imipramine.
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The present special issue also includes two papers focusing on the involvement of energy metabolism in the stress
response. F. Jeanneteau and M. Arango-Lievano review the
link between mitochondrial efficiency and synaptic activity.
Mitochondria are key regulators of synaptic plasticity and
changes in synaptic metabolism are involved in both adaptive
and maladaptive mechanisms in response to stress. T. Larrieu
et al. present evidence of molecular and morphological
changes within the prefrontal cortex of mice fed with n-3
polyunsaturated fatty acid deficient diet. In particular, n-3
polyunsaturated fatty acid deficient diet induces alterations
in the glucocorticoid receptor signaling pathway and reduces
dendrite arborization.
Finally, we have the pleasure to include in this special
issue a clinical research paper by C. Raymond et al., who
report a pilot study on the effect of reading self-help books on
stress reactivity and depression. The results demonstrate that
consumers of growth-oriented self-help books showed higher
cortisol reactivity to stress, whereas consumers of problemfocused self-help books manifested higher depressive symptomatology compared with nonconsumers. The authors suggest that reading self-help books might be associated with
increased stress and/or mental disorders.
Collectively, this special issue includes 17 exciting papers
that span diverse aspects of the multifaceted effects of
stress, which involves either adaptive responses or increased
vulnerability to neuropsychiatric disorders. We believe that
this collection of manuscripts offers the latest insights into the
molecular and neurochemical foundations of stress-related
diseases, especially mood and anxiety disorders.
Laura Musazzi
Jordan Marrocco
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Environmental stressors induce coping strategies in the majority of individuals. The stress response, involving the activation
of the hypothalamic-pituitary-adrenocortical axis and the consequent release of corticosteroid hormones, is indeed aimed at
promoting metabolic, functional, and behavioral adaptations. However, behavioral stress is also associated with fast and longlasting neurochemical, structural, and behavioral changes, leading to long-term remodeling of glutamate transmission, and
increased susceptibility to neuropsychiatric disorders. Of note, early-life events, both in utero and during the early postnatal life,
trigger reprogramming of the stress response, which is often associated with loss of stress resilience and ensuing neurobehavioral
(mal)adaptations. Indeed, adverse experiences in early life are known to induce long-term stress-related neuropsychiatric disorders
in vulnerable individuals. Here, we discuss recent findings about stress remodeling of excitatory neurotransmission and brain
morphology in animal models of behavioral stress. These changes are likely driven by epigenetic factors that lie at the core of
the stress-response reprogramming in individuals with a history of perinatal stress. We propose that reprogramming mechanisms
may underlie the reorganization of excitatory neurotransmission in the short- and long-term response to stressful stimuli.

1. Introduction
Life experiences often produce uncertainty or threat and trigger a physiological response, the so-called “stress response,”
aimed at promoting adaptation and improving survival [1].
The stress response, including fast and transient activation
of the autonomic nervous system and of the hypothalamicpituitary-adrenocortical (HPA) axis, implies release of catecholamines and corticosteroids (mainly cortisol in humans
and corticosterone in rodents). Corticosteroids exert their
function through the activation of the high-affinity mineralocorticoid receptor (MR) and the low-affinity glucocorticoid receptor (GR), which are widely expressed both at
peripheral level and in the brain. Corticosteroids, together
with regulating metabolism, food intake, and the immune
system, modulate brain function, neuronal transmission, and
plasticity, especially in corticolimbic areas [2, 3].

In the high majority of individuals, the stress response is
able to activate coping strategies to adverse environmental
changes, promoting stress resilience. However, in vulnerable subjects, the stress response may become dysregulated
and induce maladaptive changes, which in turn underlie
increased susceptibility to stress-related neuropsychiatric
diseases [4–6]. Daskalakis and collaborators [7] proposed the
3-hit concept (hit 1: genetic predisposition, hit 2: early-life
environment, and hit 3: later-life environment) to explain
why some individuals can cope with adverse events and
remain resilient while others are vulnerable and succumb to
stress-related disorders. This concept readapts the cumulative
hypothesis of stress [8], which indicates that accumulating
failures to cope with stressors lead to dramatic consequences
on the individuals, consistent with increased vulnerability to
psychiatric disorders [1]. Of note, the 3 hits also endorse the
mismatch hypothesis of psychiatric disorders, suggesting that
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early-life adversities can prepare the individuals to cope with
future life similar challenges; conversely, the coping strategies
are compromised when the later-life events exhibit mismatch
with the early-life environment [9, 10].
In this context, during the last decades, there have
been a growing number of studies on short- and long-term
consequences of early-life stress (including manipulations
during the prenatal period and/or the early phase of postnatal
development), suggesting an increased interest in the impact
of early-life adversities on stress response and susceptibility
to neuropsychiatric disorders in the adulthood [11–24].
In the first sections of the present review, we will summarize functional, morphological, and epigenetic changes
in adults induced by stress exposure during adulthood, or
during early life. Finally, in order to recapitulate the interplay
between life adversities at early stages and in the adulthood,
we will introduce the concept of “reprogramming,” a process
whereby a stimulus or insult, during a sensitive period of
development, has lasting and/or lifelong significance, inducing readaptation of the stress response.

2. Acute and Chronic Stress at Synapses:
Corticosterone-Dependent Effects of the
Stress Response
A growing body of literature has analyzed the multifaceted
effects of different stress protocols and of corticosteroids
(mainly corticosterone) on neurotransmission, neuronal
plasticity, and behavior (see below). MR and GR are nuclear
receptors, acting as transcription factors, ultimately leading
to regulation of gene expression. However, more recently,
compelling evidence has reported fast effects of corticosteroids on neuronal excitability, in line with early nongenomic mechanisms that are likely dependent on membranelocated receptors (for recent reviews, see [25–27]).
In the next sections, we will review the most recent
findings on fast and delayed effects of acute and repeated
stress, mediated by genomic and nongenomic action of
corticosteroids in the brain.
2.1. Corticosterone-Dependent Effects of Stress on Excitatory Neurotransmission. A number of studies have been
performed to unravel the time-dependent and brain areaspecific effects of stress on neuronal excitability and cognitive
processes (for recent reviews, see [2, 26–28]). The changes
in neuronal excitability and synaptic plasticity induced by
stress are the result of an imbalance of excitatory (glutamatergic) and inhibitory (GABAergic) transmission, leading
to long-lasting (mal)adaptive functional modifications [28–
34]. Although both glutamate and GABA transmission are
critically associated with stress-induced alteration of neuronal excitability [32, 34], the present review will focus on the
modulation of glutamate release and transmission induced by
stress and glucocorticoids.
Genomic and nongenomic effects of acute stress were
characterized in both the hippocampus and the prefrontal cortex. Acute stress was consistently reported to
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rapidly enhance the frequency of miniature excitatory currents (mEPSCs) at hippocampal synapses, thus suggesting increased probability of glutamate release, through
nongenomic action of corticosterone, and activation of
membrane-located pre- and postsynaptic MR [29, 35–
37]. On the other hand, slower genomic effects of acute
stress in the hippocampus are mainly mediated by GR,
which prevents synaptic 𝛼-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptor potentiation and
enhances voltage-dependent calcium currents and mEPSCs
amplitude. This leads to steady depolarization and attenuation of firing activity [29, 38, 39] and impaired long-term
potentiation (LTP) [30, 40].
Partially different effects of acute stress were reported
in the prefrontal cortex, where nongenomic mechanisms,
despite being involved in the priming of excitatory synapses,
are not sufficient to induce changes in glutamate release and
transmission [41–43]. Indeed, it was found that corticosterone rise induced by acute footshock stress increases the
size of the readily releasable pool of glutamatergic vesicles
in the prefrontal cortex, through completely nongenomic
mechanisms involving both MR and GR located at synaptic
sites. However, in the same brain area, slower genomic
mechanisms are required to enhance presynaptic glutamate
release and mEPSCs amplitude [43–45]. In line with these
observations, different acute stress protocols, as well as acute
corticosterone in vivo and in vitro treatments, were shown
to induce delayed and long-lasting increase of excitatory
transmission in prefrontal cortex pyramidal neurons [44–
46].
In recent studies, fast and slow effects of acute stress
were also analyzed in the amygdala [47]. In basolateral
amygdala, a brain area responsible for the control of emotion
and fear memory, different and partially opposite effects of
stress compared to hippocampus and prefrontal cortex were
reported. Indeed, the early nongenomic increase of mEPSCs
frequency induced by corticosterone is accompanied by a fast
decrease in synaptic potentiation (LTP), while genomic and
delayed effects include enhancement of neuronal excitability
and synaptic plasticity.
Long-term adaptive changes induced by repeated stress
exposure include impairments in neuronal transmission and
synaptic activity (extensively reviewed in [27, 31, 32, 48]).
Indeed, in both hippocampus and prefrontal cortex, chronic
stress was associated with defects in the ability to induce or
maintain LTP, and increased long-term depression (LTD),
together with enhancing basal transmission, while opposite
changes were measured in basolateral amygdala. The changes
in neuronal activity induced by chronic stress in brain
areas involved in the negative feedback of the HPA axis are
consistent with impairment and dysregulation of the stress
response [31]. It has been suggested that functional connectivity between amygdala and ventral hippocampus plays a
key role in stress-induced changes in synaptic plasticity (for a
recent review, see [49]). In particular, Ghosh and coworkers
showed that, in animals subjected to repeated restraint
stress, the directional connection from the amygdala to the
hippocampus is gradually and persistently potentiated [50].
The authors suggest that this mechanism could be involved in
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the long-term emotional and cognitive impairments induced
by chronic stress.
2.2. Morphological and Cytoarchitectural Changes Induced by
Stress. Stress and corticosterone cause structural alterations,
including dendritic remodeling and changes in spine density,
mostly in brain areas implicated in the regulation of the
emotional state (for recent reviews, see [27, 51, 52]).
Chronic stress was reported to reduce dendritic arborization and synaptic contacts both in hippocampus and in prefrontal cortex, whereas in basolateral amygdala, both chronic
and acute exposure to stressors significantly increased dendritic complexity (for recent reviews, see [27, 48–53]). These
long-lasting structural changes occur together with increased
anxious- and depressive-like behaviors, strongly suggesting
that dendritic atrophy induced by chronic stress may induce
severe behavioral deficits [48, 53, 54].
Recently, a few studies also analyzed morphological
alterations induced by acute stress and corticosterone. Acute
corticosterone treatment of rats was shown to induce delayed
and time-dependent opposite changes of dendrite morphology in medial prefrontal cortex pyramidal neurons, compared to basolateral amygdala spiny neurons [55]. Similarly,
5 hours of multimodal combined physical/psychological
stress was demonstrated to induce a corticotropin-releasing
hormone-dependent reduction of spine density in hippocampal area CA3 [54]. In a more recent study, one single session
of acute footshock stress was shown to reduce the apical
dendritic length of pyramidal neurons in medial prefrontal
cortex layers II-III [56]. Intriguingly, this effect was measured
as early as one day after stress and lasted for up to 14 days.
Furthermore, the effect was partly prevented by chronic
treatment with antidepressants before the stress session.
On the other hand, in line with the rapid enhancement of
excitatory transmission induced by stress and improvement
of working memory performance [44, 45], both acute footshock and acute restraint stress were shown to remarkably
increase the number of excitatory axoshaft and axospinous
synapses in the medial prefrontal cortex of rats [57] and to
induce sprouting of new spines one day after stress [56].
Accordingly, Liston and Gan [58] have shown that acute
treatment with corticosterone promotes a dose-dependent
increase of spine formation in medial prefrontal cortex pyramidal neurons. Furthermore, acute corticosterone induces
rapid GR-dependent spinogenesis in hippocampal slices [59].
These findings suggest that the increased number of synapses
induced by acute stress is likely a corticosterone-dependent
effect.
2.3. Epigenetic Changes Induced by Stress. The term “epigenetics” refers to mechanisms modulating gene expression independently of changes in nucleotide sequence and includes
alterations of DNA methylation, posttranslational modification of histone proteins, and regulation by small noncoding
RNAs (essentially, microRNAs, miR) [60, 61]. Compelling
evidence showed that behavioral stress induces epigenetic
changes in selected brain areas, leading to regulation of gene
expression and neuronal function [61–63].
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A few studies have assessed changes in DNA methylation
(a modification associated with gene silencing) in stress
animal models. Chronic social stress in mice induced persistent demethylation at the corticotrophin-releasing factor
promoter in the paraventricular nucleus of the hypothalamus,
suggesting hyperactivation of the HPA axis [64]. Moreover, in
a recent study, changes in the global DNA methylation profile
were measured after acute restraint stress in the hippocampus, cerebral cortex, and periaqueductal gray matter, while
these alterations were prevented by physical exercise [65].
A growing body of literature reported posttranslational
modification of histone proteins after exposure to acute
and chronic stress protocols. A genome-wide chromatin
immunoprecipitation study reported changes in histone H3
lysine 9 dimethylation levels (inducing repression of gene
expression) in the nucleus accumbens of mice susceptible
to chronic social defeat stress, and not in resilient animals
[66, 67]; importantly, chronic antidepressants reversed these
modifications [68]. A recent study also showed that both
chronic social defeat in mice and depression in humans
reduced the expression of the RAS-related C3 botulinum
toxin substrate 1 (Rac1) gene in the nucleus accumbens,
through a mechanism involving increased histone H3 lysine
9 dimethylation [69]. On the other hand, permissive histone
H3 acetylation is transiently reduced and then persistently
increased in the nucleus accumbens of susceptible, but not
of resilient, animals subjected to chronic social stress [66]. In
the same paper, similar results were obtained in postmortem
studies, reporting increased levels of histone H3 acetylation in
the nucleus accumbens of depressed patients. However, since
local infusion of histone deacetylase inhibitors showed an
antidepressant-like effect, the authors hypothesized that the
increase in H3 acetylation measured in susceptible animals
might mediate long-lasting positive neuronal adaptations to
chronic stress.
In the hippocampus, selected and time-dependent
changes in histone H3 methylation at lysines 4, 9, and
27 (resp., associated with increased transcription, heterochromatin formation, and transcriptional repression)
were demonstrated after acute and repeated restraint
stress in rats [70]. A further study from the same group
showed that, soon after one single session of restraint
stress, repressive histone H3 lysine 9 trimethylation is
selectively increased in the hippocampus, especially at
transposable element loci [71]. Individual variations of
histone H3 acetylation levels were also reported in the hippocampus of rats subjected to repeated social defeat stress
[72, 73]. Moreover, it was shown that the acquisition of
behavioral immobility response induced by acute forced
swim stress was dependent on increased histone H3
phosphoacetylation in the hippocampus and GR-induced
activation of the NMDA/extracellular signal-regulated
kinases (ERK)/mitogen- and stress-activated kinases (MSK)
1/2 pathway [74].
Repeated social defeat stress was also found to increase
histone H3 acetylation in the infralimbic (and not prelimbic)
prefrontal cortex [73, 75]. A recent study on postmortem PFC
from patients with mood disorders reported increased levels
of the presynaptic protein synapsin 2, together with increased
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histone H3 lysine 4 trimethylation at its promoter, suggesting
epigenetic regulation of synapsin 2 gene expression [76].
Intriguingly, a number of studies reported stress-induced
epigenetic regulation of the brain-derived neurotrophic factor (BDNF), a neurotrophin with key roles in neuroplasticity
and synaptic function, as well as in the pathophysiology of
neuropsychiatric disorders [77, 78]. The expression of BDNF
is mediated by the transcription of different mRNAs, driven
by dedicated promoters and derived by the splicing of one of
multiple 5 noncoding exons (at least eight in rodents) with
the 3 coding exon [79].
Social defeat stress induced long-lasting downregulation
of BDNF transcripts containing exons IV and VI, by increasing dimethylation of histone H3 at specific exon promoters in
the mouse hippocampus, and chronic imipramine reversed
this downregulation increasing histone acetylation at the
same promoters [80]. Similarly, the reduction of total BDNF
transcript and mRNAs containing exons I and IV expression,
induced by single immobilization stress in the rat hippocampus, was shown to be accompanied by a significant decrease
in histone H3 acetylation at respective promoters [78]. In a
more recent study, physical exercise was found to counteract
the downregulation of selected BDNF transcripts induced by
acute restraint stress and to increase the levels of histone H3
acetylation at related promoters [81].
MicroRNAs are small noncoding RNAs regulating gene
expression, generally repressing the expression of target
mRNAs [82]. In recent years, research studies have been
conducted on the involvement of microRNAs in the stress
response and onset of neuropsychiatric disorders [83]. It was
shown that both acute restraint stress and chronic social
defeat in mice markedly upregulated miR-34 levels in amygdala and that miR-34 overexpression in the central amygdala
exerted anxiolytic effect [84]. In the same study, in vitro
experiments showed that miR-34 reduced the activation of
the corticotropin-releasing hormone receptor 1, suggesting a
role of miR-34 in functional regulation of the stress response.
In more recent papers from the same research group, miR135 in serotonergic neurons was found to have a key role in
determining stress resiliency and antidepressant efficacy [85],
while the increase of amygdalar miR-19b induced by chronic
social defeat stress was suggested to be related to behavioral
responses to stress, through mechanisms involving the adrenergic receptor 𝛽-1 [86].

3. Perinatal Reprogramming of
the Stress Response
The high majority of functional and morphological changes
promoted by behavioral stress and corticosteroids were
reported in “naı̈ve” young adult animals or mature neuronal cultures. Nevertheless, early-life experiences shape the
stress response in adulthood, leading to the reprogramming
of coping strategies against environmental challenges and
having a strong impact on behavior and susceptibility to
neuropsychiatric disorders (see Section 1).
Intriguingly, a few studies on humans aimed at separating
the effects of the objective exposure to a stressor and the
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mother’s subjective reaction [87–90]. According to King and
Laplante [87], exposure to a natural disaster (Project Ice
Storm) occurring during the gestational period allows for a
reliable study of the effects of prenatal stress on child health
and development [91].
However, the reprogramming effects observed in the
offspring likely recapitulate the cumulative experience in
utero and the quality of the postnatal environment, which
is, in turn, mostly associated with the quantity, quality, and
reliability of maternal care [92–97]. Thus, we will refer to
“perinatal” reprogramming to include events occurring prenatally and/or during the lactation period. Considering that
the limitations of retrospective studies constrain the number
of epidemiological findings in humans, a large number of
data come from evidence in rodents and nonhuman primates
[21, 24, 98–104].
3.1. Changes in Excitatory Neurotransmission Induced by Perinatal Stress. Overall, the changes in excitatory transmission
and neuronal remodeling, induced by both acute and chronic
stress (reviewed in Section 2.1), strongly suggest a key role
of the glutamate synapse in the adaptive and maladaptive
response to stressful stimuli. However, the study of the effects
of exposure to perinatal stress on the activity of glutamatergic
neurons is still at its infancy.
Morphological studies have shown that prenatal stress
is associated with reduction of dendritic arborization and
synaptic loss in prefrontal cortex and hippocampus in adult
life, suggesting that stress in gestational period might induce
long-lasting impairments of glutamate neuron and transmission [105–108].
A number of studies reported changes in the expression of glutamate receptors and transporters, in adult animals subjected to stress during the perinatal life [109–115].
Maternal separation in rats was found to decrease mRNA
expression levels of ionotropic glutamate receptors, together
with increasing GLutamate ASpartate Transporter (GLAST)
levels, selectively in the hippocampus and not in the prefrontal cortex [109]. It was also demonstrated that maternal
separation significantly reduced the expression of type 4
metabotropic glutamate receptor in hippocampus, a change
reversed by chronic fluoxetine treatment [110]. Similarly,
adult male offspring of pregnant dams subjected to restraint
stress during pregnancy display impairment of N-methylD-aspartate (NMDA) receptor-mediated long-term potentiation, decreased NMDA receptor subunits [111], and reduced
expression of group I/II metabotropic glutamate receptors
[112] in the hippocampus. In a more recent study, Adrover
and collaborators [113] have shown increased mRNA and
protein expression levels of the glial glutamate transporter
(GLT-1) in the hippocampus and enhanced glutamate uptake
and vesicular glutamate transporter 1 (v-Glut-1) protein levels
in the prefrontal cortex of prenatally stressed rats.
Overall, the high majority of studies reported that early
stress both decreases the expression of glutamate receptors,
suggesting reduced transmission efficacy, and increases glutamate transporters, which may imply an increased rate of
glutamate metabolism. Of note, others have found higher levels of ionotropic and metabotropic glutamate receptors [114]
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and increased NMDA receptor activation [115]. Others have
shown impairment of long-term potentiation and enhancement of long-term depression in young rats subjected to
prenatal stress [116]. These abnormalities were correlated
with increased pro-brain-derived neurotrophic factor (proBDNF), decreased mature BDNF levels, and no changes in
NMDA receptor subunits expression [116]. Although changes
in the expression of glutamate receptors and transporters are
only rough indicators for predicting glutamate release and
transmission, these data strongly suggest that perinatal stress
exerts a long-term influence on the glutamate system.
It was recently demonstrated that the increase of anxietylike behavior induced by prenatal stress in rats is causally
associated with a reduction of depolarization-evoked presynaptic glutamate release in the ventral hippocampus [117,
118], a brain region encoding memories related to stress
and emotions [119]. Interestingly, this effect is blocked by
activation of oxytocin receptor [120] (see below for oxytocin
and reprogramming). Although the mechanisms by which
prenatal stress may cause long-lasting dampening of glutamate neurotransmission in the ventral hippocampus have
been poorly clarified, it was hypothesized that prenatal stress,
besides enhancing glutamate metabolism, might induce longlasting dysfunction in the intrinsic machinery controlling
exocytotic glutamate release [117].
3.2. Modulation of HPA Axis Reactivity Induced by Perinatal
Stress. HPA axis alterations are the characteristic feature of
the endophenotypes induced by perinatal stress [21, 121–126].
A pioneering study by Levine showed that maternal
separation induced downregulation of the stress response,
consistent with weight reduction of adrenal glands [127]. To
date, the literature about the long-term effects of perinatal
stress on the HPA axis is contradictory, although in many
species including mice, rats, guinea pigs, and nonhuman
primates, prenatal stress has been shown to increase the
overall production of glucocorticoid and/or the feedback
regulation [100, 101, 103, 128–130]. For example, peer rearing
in monkeys has been shown to exaggerate stress reactivity
[122, 123], stereotypies and self-directed behaviors [124],
and abnormal brain morphology [125]. Moreover, maternal
separated rodents show general upregulation of stress and
fear responses [126, 131–133], increased hypothalamic CRF
expression, reduced cortical GR expression [134], increased
immobility in the forced-swim test [135], and poorer memory performance [134]. Curiously, in rats, 3 hours of daily
maternal separation during the first two weeks after birth
increases the vulnerability to stress in the adulthood [136,
137], whereas 8 hours of separation decreases the response of
the HPA axis [138]. Similarly, prenatally restraint stressed rats
display prolonged corticosterone secretion associated with
downregulation of GR and MR receptors in the hippocampus
[21, 92]. Interestingly, these effects are reversed by prenatal
adrenalectomy [93] or postnatal cross-fostering [92].
3.3. Epigenetic Reprogramming of the HPA Axis: Regulation of
GR Expression. An ever growing number of studies focused
on short- and long-term epigenetic changes induced by
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stress in early life (recently extensively reviewed in [22,
92, 139–141]). The mechanisms involved in the epigenetic
reprogramming are highly complex and strongly depend on
the gender of the individual, the type of stressor, and its
intensity and duration. Here, we will focus on the epigenetic
regulation of GR in the offspring induced by prenatal and
postnatal maternal stress.
At the epigenetic level, the GR gene is consistently affected
by natural variation of maternal care in rodents (measured as
licking/grooming, arched-back and blanket nursing, and nest
building) [142, 143]. Indeed, low absolute levels of maternal
care selectively modify the DNA methylation status of GR
promoter in the hippocampus of the offspring, suggesting
reduced expression of the receptor as well as increased
HPA reactivity. Conversely, offspring receiving high levels of
maternal care exhibit lower level of DNA methylation of the
GR promoter and increased histone H3 lysine 9 acetylation (a
marker of transcriptional activation).
The GR gene expression and promoter methylation
have also been examined in humans following early-life
trauma, with similar epigenetic outcomes. McGowan and
collaborators [144] found decreased levels of hippocampal
GR mRNA and increased cytosine methylation of the GR
promoter in subjects with a history of childhood abuse.
Similarly, childhood maltreatment has been associated with
decreased hippocampal GR expression and increased stress
responses in adulthood. Again, such effects are mediated
by DNA methylation and hydroxymethylation across GR
promoter regions [145]. A compelling study in genocide
survivors suggested that the increased DNA methylation at
the promoter region of the GR was associated with less
intrusive memory of the traumatic event and sex-specific
reduced PTSD risk [146]. Together, these findings indicate
that the epigenetic regulation of GR expression is a key factor
in the reprogramming of the HPA axis induced by early stress.
3.4. Mother-Offspring Interplay: Role of 11𝛽-Hydroxysteroid
Dehydrogenases and Oxytocin. The mother/infant interaction is a critical intermediary to study early-life reprogramming. Such interplay is mainly mediated by the placenta,
which modulates fetal exposure to maternal factors. As an
example, glucocorticoids, despite circulating across the placenta, are significantly lower in the fetus than in the mother.
This key tissue-specific barrier control is exerted by the
placental 11𝛽-hydroxysteroid dehydrogenase, an enzyme that
converts cortisol and corticosterone into inactive cortisone
and 11-dehydrocorticosterone (11𝛽-HSD2), and vice versa
(11𝛽-HSD1) [147–149]. Recently, it has been shown that 11𝛽HSD2 undergoes epigenetic regulation in the placenta and
fetal brain [150–152]. Curiously, Appleton and collaborators
[153] have shown that women experiencing adversity during
pregnancy display low levels of 11𝛽-HSD2 methylation. This
accounts for increased levels of placental 11𝛽-HSD aimed at
protecting the fetus from excessive glucocorticoid exposure.
Others have shown that pregnant rats exposed to repeated
episodes of restraint stress, a model that recapitulates the
main feature of anxiety and depression in the adult offspring,
display a reduction of 11𝛽-HSD2 activity in the placenta, thus
increasing the amount of nonmetabolized corticosterone
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reaching the fetus [55]. Also, high methylation in the promoter region of placental 11𝛽-HSD2 has been associated with
low infant birth weight [154]. However, it is unclear whether
the modifications of the 11𝛽-HSD2 are exclusively disruptive
and/or directly associated with pathological endophenotypes
in late life. For example, the downregulation of 11𝛽-HSD2 may
provide the fetus with a reliable signal about the maternal
stressful environment, thereby predicting the milieu it is
likely to cope with after birth.
The maternal HPA axis itself also plays a pivotal role in the
mother-offspring interplay. The HPA axis is normally attenuated from midpregnancy to the end of lactation [155–157];
such attenuation is generally associated with maternal behavioral changes including reduced anxiety [158, 159], enhanced
maternal behavior [160], and increased aggressiveness [161,
162]. Of note, the central oxytocinergic system exerts this
inhibitory effect on the maternal HPA axis [160, 163–167].
Oxytocin is a neurohypophysial peptide, which plays a key
role in parturition, lactation, mother/infant interaction, and
social behavior [168]. Interestingly, intracerebroventricular
administration of oxytocin stimulates maternal behavior
in ovariectomized virgin rats [160]. Moreover, enhanced
maternal care increases the expression of oxytocin receptor
in the central nucleus of the amygdala [169]. Remarkably,
in subjects with a history of early-life stress, the inhibitory
effect of oxytocin on the HPA axis is diminished or even
reversed [120, 170]. Interestingly, impaired social behavior
and increased anxiety have been associated with an altered
number of oxytocin neurons in the paraventricular and
supraoptic nuclei [171] and increased expression of oxytocin
receptor in the hippocampus and amygdala [120] of adult
prenatally stressed rats. Moreover, it has been shown that
the activation of presynaptic oxytocin receptor during the
adulthood could both correct the abnormal glucocorticoid
feedback of the HPA axis and normalize the expression of GR
and MR in the hippocampus in prenatally restraint stressed
rats [120]. In humans, it has been shown that intranasal
administration of oxytocin dampens the enhanced stressinduced functional connectivity between the amygdala and
the hippocampus in subject with a history of early-life stress
[172]. Finally, variations in maternal care have been associated
with DNA methylation of oxytocin receptor in blood cells
both in rodents [173] and in humans [174].
Together, the evidence reviewed in this section emphasizes the molecular and neuroendocrine mechanisms that
underlie the critical role of mother-infant interaction in
the reprogramming of stress response and vulnerability to
neuropsychiatric disorders.

4. Conclusion
The “cumulative stress hypothesis” of neuropsychiatric disorders states that repeated exposure to stressful events is
the main environmental factor for pathological onset [1, 8,
32]. Thus, it is conceivable that repeated adverse events,
especially when added to perinatal stress, exacerbate psychopathological conditions. On the other hand, according
to the “match/mismatch hypothesis,” early-life stress might
also be somehow protective against stressors in late life,
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leading to higher achievement of adaptation and survival
[7, 9, 175]. Yet, these hypotheses are strictly related and
interconnected. Indeed, the deleterious effects of stress rely
not only on when or how often stress occurs, but especially
on how intense the stress is and how much it impacts an
individual, depending on one’s genetic background [176, 177].
In this context, repeated subjective mild stressors may act
improving adaptation to environmental challenges [3, 178],
while a single overwhelming adverse event may precipitate
neuropsychiatric diseases, as in the case of posttraumatic
stress disorder [179, 180].
It is also important to notice that whereas the physiological stress response activates adequate coping strategies,
leading to stress resiliency and adaptation in the high majority of subjects, vulnerability toward stress is dependent on
individual behavioral, physiological, and genetic factors [4–
6]. Thus, individual reprogramming of the stress response
induced by early-life stress could be both adaptive and
maladaptive. In line with this hypothesis, Macrı̀ and collaborators [181] have suggested that mild neonatal changes may
reduce the HPA axis reactivity, leading to resilience, whereas
severe neonatal challenges would increase the adult HPA
axis reactivity, with the ensuing increased vulnerability to
stress-related disorders. Intriguingly, it was recently reported
that early-life trauma in humans can also promote early
maturation of amygdala-prefrontal cortex connectivity, in
line with enhanced emotion regulation and reduced anxious
behavior [182].
Integration of perinatal and late-life experiences may
induce long-lasting consequences on neuronal excitatory
transmission and morphology, especially in corticolimbic
areas (Figure 1). If acute stress in adult life was consistently
shown to increase glutamate transmission and release, at
least in the hippocampus and prefrontal cortex [2, 26–
28], chronic stress has the opposite effect, inducing impairments in neuronal transmission and synaptic activity [31]
(Figure 1(a)). In turn, the effects of chronic stress are generally
associated with behavioral deficits and depressive/anxiouslike behavior [32, 61, 183], while the response to acute stress
can be both adaptive, with improved behavioral and cognitive
functions [44, 45], and maladaptive [7]. However, when
the individual is subjected to stress in early life, the stress
response in adulthood may be shaped by prior experiences
(Figure 1(b)). It was shown that depolarization-dependent
release of glutamate in dorsal hippocampus is decreased
in animals subjected to chronic stress in the prenatal life
[117, 118]; however, little is known on the reprogramming
of the stress response at the level of excitatory transmission
induced by early-life stress. A very recent cross-sectional
observational study examined the effects of early- and latelife trauma in Korean college students, showing a significant
correlation between early trauma, stress, and psychological
distress [184].
We speculate that the long-lasting attenuation of the stress
response induced by early-life stress might also affect the
changes in excitatory transmission usually induced by stress
in adult life. Thus, hypothetically, both the rise of glutamate
transmission induced by acute stress and the attenuation
of excitatory currents caused by chronic stress might be
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Figure 1: Influence of early-life stress on neuronal excitatory neurotransmission in corticolimbic areas. (a) In subjects with no history of
perinatal adverse challenges, acute stress induces an increase in stimulation-evoked glutamate release. This response can be both adaptive and
maladaptive. On the other hand, exposure to repeated episodes of stress (chronic stress) induces hypofunction of the glutamatergic synapse
with reduced evoked glutamate release, associated with increased vulnerability to stress-related neuropsychiatric disorders. (b) Perinatal
stress induces hypofunction of the glutamatergic synapse in adult life, with ensuing reduction in evoked glutamate release. The effects of the
association between early- and late-life stress are largely unknown. See text for details.

affected by reprogramming of the stress response induced by
early-life stress, thus likely leading to adaptive or maladaptive changes, depending on the intensities of the stressors.
Experimental evidence is required to validate or falsify the
hypothesis.
Excitotoxicity caused by excessive glutamate release and
epigenetic reprogramming are reasonably among the main

mechanisms involved in long-lasting neuroplastic alterations
induced by stress [1, 185] (Figure 2). Excitoxicity is generally associated with reduced ability to clear the synaptic glutamate, resulting in glutamate spillover and activation of extrasynaptic glutamate receptors [32]. However,
it is likely that exposure to high levels of corticosteroids
(Figure 2(b)), together with inducing changes in excitatory
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Figure 2: Long-term neuroplastic alterations induced by early-life stress and chronic stress. (a) Basal condition: presynaptic neuron (light
blue), postsynaptic neuron (pink). (b) Repeated episodes of stress in early life or in adulthood induce an increase in glucocorticoids associated
with a transient increase in glutamate release both in the synaptic cleft and in the extrasynaptic space. Increase in glutamate release may activate
reprogramming mechanisms that lead to either reduced synaptic efficacy (c) or loss of synaptic contacts (d).

transmission, activates epigenetic mechanisms, which modulate gene expression and neuronal responsiveness to stress.
Of note, mounting evidence suggests that perinatal stress
reprogramming of the neuroendocrine stress response and
the ensuing behavioral state can cross multiple generations,
thus supporting the hypothesis that epigenetic mechanisms
underlie the reprogramming of the “stressed synapse” [22,
186]. This in turn leads to functional and structural consequences, in line with reduced synaptic efficacy [31, 117, 118]
(Figure 2(c)) and number of synaptic contacts [52, 53, 105–
108] (Figure 2(d)).
The mechanisms by which early-life events affect stress
resilience via the reprogramming of the stress response
and the modulation of excitatory neurotransmission warrant further investigation. In-depth studies of changes in
glutamate transmission and dendrite remodeling induced
by stress in early and late life will help to elucidate the
biological underpinnings of the (mal)adaptive strategies the
brain adopts to cope with environmental challenges in one’s
life.
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M. Darnaudéry and S. Maccari, “Epigenetic programming of
the stress response in male and female rats by prenatal restraint
stress,” Brain Research Reviews, vol. 57, no. 2, pp. 571–585, 2008.
S. J. Lupien, B. S. McEwen, M. R. Gunnar, and C. Heim, “Effects
of stress throughout the lifespan on the brain, behaviour and
cognition,” Nature Reviews Neuroscience, vol. 10, no. 6, pp. 434–
445, 2009.
P. J. Brunton and J. A. Russell, “Endocrine induced changes in
brain function during pregnancy,” Brain Research, vol. 1364, pp.
198–215, 2010.

9
[21] S. Maccari, H. J. Krugers, S. Morley-Fletcher, M. Szyf, and P.
J. Brunton, “The consequences of early-life adversity: neurobiological, behavioural and epigenetic adaptations,” Journal of
Neuroendocrinology, vol. 26, no. 10, pp. 707–723, 2014.
[22] T. L. Bale, “Epigenetic and transgenerational reprogramming of
brain development,” Nature Reviews Neuroscience, vol. 16, no. 6,
pp. 332–344, 2015.
[23] D. G. Gee and B. J. Casey, “The impact of developmental timing
for stress and recovery,” Neurobiology of Stress, vol. 1, pp. 184–
194, 2015.
[24] M. J. Meaney, “Effects of the social environment and early life
stress on neurodevelopment, cognition, behaviour and health,”
Psychoneuroendocrinology, vol. 61, p. 11, 2015.
[25] F. L. Groeneweg, H. Karst, E. R. de Kloet, and M. Joëls,
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[145] T. Y. Zhang, B. Labonté, X. L. Wen, G. Turecki, and M. J. Meaney,
“Epigenetic mechanisms for the early environmental regulation
of hippocampal glucocorticoid receptor gene expression in
rodents and humans,” Neuropsychopharmacology, vol. 38, no. 1,
pp. 111–123, 2013.
[146] V. Vukojevic, I.-T. Kolassa, M. Fastenrath et al., “Epigenetic
modification of the glucocorticoid receptor gene is linked to
traumatic memory and post-traumatic stress disorder risk in
genocide survivors,” The Journal of Neuroscience, vol. 34, no. 31,
pp. 10274–10284, 2014.
[147] D. Amelung, H. J. Hubener, L. Roka, and G. Meyerheim,
“Conversion of cortisone to compound F,” The Journal of
Clinical Endocrinology and Metabolism, vol. 13, no. 9, pp. 1125–
1126, 1953.
[148] J. R. Seckl and K. E. Chapman, “The 11𝛽-hydroxysteroid
dehydrogenase system, a determinant of glucocorticoid and
mineralocorticoid action: medical and physiological aspects
of the 11𝛽-hydroxysteroid dehydrogenase system,” European
Journal of Biochemistry, vol. 249, no. 2, pp. 361–364, 1997.
[149] J. R. Seckl and B. R. Walker, “Minireview: 11𝛽-hydroxysteroid
dehydrogenase type 1—a tissue-specific amplifier of glucocorticoid action,” Endocrinology, vol. 142, no. 4, pp. 1371–1376, 2001.
[150] C. Jensen Peña, C. Monk, and F. A. Champagne, “Epigenetic
effects of prenatal stress on 11𝛽-hydroxysteroid dehydrogenase2 in the placenta and fetal brain,” PLoS ONE, vol. 7, no. 6, Article
ID e39791, 2012.
[151] K. L. Togher, M. M. O’Keeffe, A. S. Khashan, H. Gutierrez, L.
C. Kenny, and G. W. O’Keeffe, “Epigenetic regulation of the
placental HSD11B2 barrier and its role as a critical regulator of
fetal development,” Epigenetics, vol. 9, no. 6, pp. 816–822, 2014.
[152] B. M. Nugent and T. L. Bale, “The omniscient placenta:
metabolic and epigenetic regulation of fetal programming,”
Frontiers in Neuroendocrinology, vol. 39, pp. 28–37, 2015.
[153] A. A. Appleton, D. A. Armstrong, C. Lesseur et al., “Patterning
in placental 11-B hydroxysteroid dehydrogenase methylation
according to prenatal socioeconomic adversity,” PLoS ONE, vol.
8, no. 9, Article ID e74691, 2013.
[154] C. J. Marsit, M. A. Maccani, J. F. Padbury, and B. M. Lester,
“Placental 11-beta hydroxysteroid dehydrogenase methylation is
associated with newborn growth and a measure of neurobehavioral outcome,” PLoS ONE, vol. 7, no. 3, Article ID e33794, 2012.
[155] J. M. Stern, L. Goldman, and S. Levine, “Pituitary adrenal
responsiveness during lactation in rats,” Neuroendocrinology,
vol. 12, no. 3, pp. 179–191, 1973.
[156] I. D. Neumann, H. A. Johnstone, M. Hatzinger et al., “Attenuated
neuroendocrine responses to emotional and physical stressors
in pregnant rats involve adenohypophysial changes,” The Journal of Physiology, vol. 508, no. 1, pp. 289–300, 1998.
[157] S. L. Lightman, R. J. Windle, S. A. Wood, Y. M. Kershaw,
N. Shanks, and C. D. Ingram, “Peripartum plasticity within
the hypothalamo-pituitary-adrenal axis,” Progress in Brain
Research, vol. 133, pp. 111–129, 2001.
[158] R. J. Windle, S. Wood, N. Shanks et al., “Endocrine and
behavioural responses to noise stress: comparison of virgin and
lactating female rats during non-disrupted maternal activity,”
Journal of Neuroendocrinology, vol. 9, no. 6, pp. 407–414, 1997.
[159] I. D. Neumann, “Brain mechanisms underlying emotional
alterations in the peripartum period in rats,” Depression and
Anxiety, vol. 17, no. 3, pp. 111–121, 2003.
[160] C. A. Pedersen, J. A. Ascher, Y. L. Monroe, and A. J. Prange
Jr., “Oxytocin induces maternal behavior in virgin female rats,”
Science, vol. 216, no. 4546, pp. 648–649, 1982.

14
[161] S. C. Gammie, A. Negron, S. M. Newman, and J. S. Rhodes,
“Corticotropin-releasing factor inhibits maternal aggression in
mice,” Behavioral Neuroscience, vol. 118, no. 4, pp. 805–814, 2004.
[162] O. J. Bosch and I. D. Neumann, “Both oxytocin and vasopressin
are mediators of maternal care and aggression in rodents: from
central release to sites of action,” Hormones and Behavior, vol.
61, no. 3, pp. 293–303, 2012.
[163] E. R. de Kloet, D. A. M. Voorhuis, Y. Boschma, and J. Elands,
“Estradiol modulates density of putative ‘oxytocin receptors’ in
discrete rat brain regions,” Neuroendocrinology, vol. 44, no. 4,
pp. 415–421, 1986.
[164] T. L. Bale, D. M. Dorsa, and C. A. Johnston, “Oxytocin receptor
mRNA expression in the ventromedial hypothalamus during
the estrous cycle,” The Journal of Neuroscience, vol. 15, no. 7 I,
pp. 5058–5064, 1995.
[165] L. J. Young, S. Muns, Z. Wang, and T. R. Insel, “Changes in
oxytocin receptor mRNA in rat brain during pregnancy and
the effects of estrogen and interleukin-6,” Journal of Neuroendocrinology, vol. 9, no. 11, pp. 859–865, 1997.
[166] D. Huber, P. Veinante, and R. Stoop, “Vasopressin and oxytocin
excite distinct neuronal populations in the central amygdala,”
Science, vol. 308, no. 5719, pp. 245–248, 2005.
[167] D. A. Slattery and I. D. Neumann, “No stress please! Mechanisms of stress hyporesponsiveness of the maternal brain,”
Journal of Physiology, vol. 586, no. 2, pp. 377–385, 2008.
[168] O. J. Bosch, S. L. Meddle, D. I. Beiderbeck, A. J. Douglas,
and I. D. Neumann, “Brain oxytocin correlates with maternal
aggression: Link to anxiety,” The Journal of Neuroscience, vol. 25,
no. 29, pp. 6807–6815, 2005.
[169] D. D. Francis, F. C. Champagne, and M. J. Meaney, “Variations in
maternal behaviour are associated with differences in oxytocin
receptor levels in the rat,” Journal of Neuroendocrinology, vol. 12,
no. 12, pp. 1145–1148, 2000.
[170] S. Grimm, K. Pestke, M. Feeser et al., “Early life stress modulates
oxytocin effects on limbic system during acute psychosocial
stress,” Social Cognitive and Affective Neuroscience, vol. 9, no. 11,
pp. 1828–1835, 2014.
[171] M. A. de Souza, L. A. Centenaro, P. R. Menegotto et al., “Prenatal
stress produces social behavior deficits and alters the number of
oxytocin and vasopressin neurons in adult rats,” Neurochemical
Research, vol. 38, no. 7, pp. 1479–1489, 2013.
[172] Y. Fan, K. Pestke, M. Feeser et al., “Amygdala-hippocampal connectivity changes during acute psychosocial stress: joint effect
of early life stress and oxytocin,” Neuropsychopharmacology, vol.
40, no. 12, pp. 2736–2744, 2015.
[173] A. K. Beery, L. M. McEwen, J. L. MacIsaac, D. D. Francis, and
M. S. Kobor, “Natural variation in maternal care and crosstissue patterns of oxytocin receptor gene methylation in rats,”
Hormones and Behavior, vol. 77, pp. 42–52, 2016.
[174] E. Unternaehrer, A. H. Meyer, S. C. Burkhardt et al., “Childhood
maternal care is associated with DNA methylation of the genes
for brain-derived neurotrophic factor (BDNF) and oxytocin
receptor (OXTR) in peripheral blood cells in adult men and
women,” Stress, vol. 18, no. 4, pp. 451–461, 2015.
[175] J. Belsky and M. Pluess, “Beyond diathesis stress: differential
susceptibility to environmental influences,” Psychological Bulletin, vol. 135, no. 6, pp. 885–908, 2009.
[176] T. Klengel and E. B. Binder, “Gene × environment interactions
in the prediction of response to antidepressant treatment,”
International Journal of Neuropsychopharmacology, vol. 16, no.
3, pp. 701–711, 2013.

Neural Plasticity
[177] C. Finsterwald and C. M. Alberini, “Stress and glucocorticoid receptor-dependent mechanisms in long-term memory:
from adaptive responses to psychopathologies,” Neurobiology of
Learning and Memory, vol. 112, pp. 17–29, 2014.
[178] G. Aguilera, “HPA axis responsiveness to stress: implications for
healthy aging,” Experimental Gerontology, vol. 46, no. 2-3, pp.
90–95, 2011.
[179] R. D. Marshall and A. Garakani, “Psychobiology of the acute
stress response and its relationship to the psychobiology of posttraumatic stress disorder,” Psychiatric Clinics of North America,
vol. 25, no. 2, pp. 385–395, 2002.
[180] S. Deppermann, H. Storchak, A. J. Fallgatter, and A.-C. Ehlis,
“Stress-induced neuroplasticity: (mal)adaptation to adverse life
events in patients with PTSD—a critical overview,” Neuroscience, vol. 283, pp. 166–177, 2014.
[181] S. Macrı̀, F. Zoratto, and G. Laviola, “Early-stress regulates
resilience, vulnerability and experimental validity in laboratory
rodents through mother-offspring hormonal transfer,” Neuroscience and Biobehavioral Reviews, vol. 35, no. 7, pp. 1534–1543,
2011.
[182] D. G. Gee, K. L. Humphreys, J. Flannery et al., “A developmental
shift from positive to negative connectivity in human amygdalaprefrontal circuitry,” The Journal of Neuroscience, vol. 33, no. 10,
pp. 4584–4593, 2013.
[183] P. Willner, “Chronic mild stress (CMS) revisited: consistency
and behavioural-neurobiological concordance in the effects of
CMS,” Neuropsychobiology, vol. 52, no. 2, pp. 90–110, 2005.
[184] S. Kim, D. Noh, and S. I. Park, “Mediating effect of stress on the
association between early trauma and psychological distress in
Korean college students: a cross-sectional observational study,”
Journal of Psychiatric and Mental Health Nursing, vol. 22, no. 10,
pp. 784–791, 2015.
[185] E. J. Nestler, C. J. Peña, M. Kundakovic, A. Mitchell, and S.
Akbarian, “Epigenetic basis of mental illness,” The Neuroscientist, 2015.
[186] N. J. Grundwald and P. J. Brunton, “Trans-generational effects
of prenatal stress on the neuroendocrine stress axis in rats,”
Psychoneuroendocrinology, vol. 61, article 30, 2015.

Hindawi Publishing Corporation
Neural Plasticity
Volume 2016, Article ID 5054275, 20 pages
http://dx.doi.org/10.1155/2016/5054275

Research Article
Postischemic Anhedonia Associated with Neurodegenerative
Changes in the Hippocampal Dentate Gyrus of Rats
Jiro Kasahara, Hiroto Uchida, Kenta Tezuka, and Nanae Oka
Department of Neurobiology and Therapeutics, Institute of Biomedical Sciences, Graduate School and Faculty of
Pharmaceutical Sciences, Tokushima University, Tokushima 770-8505, Japan
Correspondence should be addressed to Jiro Kasahara; awajiro@tokushima-u.ac.jp
Received 25 September 2015; Revised 10 January 2016; Accepted 17 January 2016
Academic Editor: Laura Musazzi
Copyright © 2016 Jiro Kasahara et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Poststroke depression is one of the major symptoms observed in the chronic stage of brain stroke such as cerebral ischemia. Its
pathophysiological mechanisms, however, are not well understood. Using the transient right middle cerebral artery occlusion(MCAO-, 90 min) operated rats as an ischemia model in this study, we first observed that aggravation of anhedonia spontaneously
occurred especially after 20 weeks of MCAO, and it was prevented by chronic antidepressants treatment (imipramine or
fluvoxamine). The anhedonia specifically associated with loss of the granular neurons in the ipsilateral side of hippocampal dentate
gyrus and was also prevented by an antidepressant imipramine. Immunohistochemical analysis showed increased apoptosis inside
the granular cell layer prior to and associated with the neuronal loss, and imipramine seemed to recover the survival signal rather
than suppressing the death signal to prevent neurons from apoptosis. Proliferation and development of the neural stem cells were
increased transiently in the subgranular zone of both ipsi- and contralateral hippocampus within one week after MCAO and then
decreased and almost ceased after 6 weeks of MCAO, while chronic imipramine treatment prevented them partially. Overall, our
study suggests new insights for the mechanistic correlation between poststroke depression and the delayed neurodegenerative
changes in the hippocampal dentate gyrus with effective use of antidepressants on them.

1. Introduction
Transient focal cerebral ischemia is the most common type
of stroke caused by occlusion of a cerebral artery [1]. It causes
both acute and chronic dysfunctions in the central nervous
system (CNS) and lowers the quality of life in patients
for a long period of lifetime. The middle cerebral artery
(MCA) is most frequently infarcted in the cerebral ischemia,
and various animal models have been developed including
nonhuman primates and rodents [2, 3]. In the models of
transient focal cerebral ischemia, neurons in the ischemic
core including cerebral cortex and some parts of the striatum
were immediately damaged after the ischemia-reperfusion
manipulation, sometimes followed by the delayed neuronal
death in the areas apart from the ischemic core, including
a part of thalamus, substantia nigra, and hippocampus
[4–6]. They cause various dysfunctions such as cognitive,
mood/emotional, and motor impairments in the chronic
stage after stroke.

Among the CNS dysfunctions in the chronic stage of
cerebral ischemia, depression is one of the major mood/emotional impairments known as poststroke depression (PSD). It
has been generally recognized that PSD occurred in around
40% of the stroke patients [7, 8], although it varies depending
on the studies from around 20% [9] to 72% [10]. Because the
physical disabilities lowering the activities of daily living are
the stressor on the stroke patients, PSD has been believed
to occur as the result of psychogenic and systemic responses
to the stressed conditions with complicated mechanisms of
pathogenesis [11]. Robinson and Price reported their followup study of 103 stroke patients with evaluating PSD [12,
13], confirming that the lesion location (frontal area in
the left hemisphere and posterior area in the right hemisphere) determined frequency and severity of depression.
It was the first study suggesting the PSD pathogenesis as
a neurodegenerative lesion in a particular brain area. Now,
PSD pathogenesis is considered to be multifactorial with
neurodegenerative, psychogenic, and genetic mechanisms.
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Animal models of PSD have been reported especially using
rodents [14], mostly combining a surgical operation (MCA
occlusion) with application of extra stressors such as unpredicted chronic mild stress (UCMS) [15, 16], ovariectomy [17],
and spatial restraint stress [18].
Among various symptoms seen in PSD, anhedonia is one
of the typical ones: loss of interest or pleasure in almost all the
activities and things that one previously liked [19]. Pathogenesis of anhedonia includes brain areas such as orbitofrontal
cortex, nuclear accumbens, and ventral pallidum. A recent
study reported a positive correlation between the postischemic anhedonia with salivary cortisol levels and reduction
of volume by lesion in parahippocampal/hippocampal area
[20].
Hippocampus is one of the vulnerable areas to the
ischemic stress, showing delayed neuronal death in CA1
region within a few days to a week after MCA occlusion
(MCAO) [6, 21, 22]. Because hippocampus is deeply related
to higher brain functions such as cognition, learning, and
memory, CA1 degeneration causes functional impairments
of them after stroke. Different from CA1, other regions such
as CA3 and dentate gyrus (DG) in the hippocampus are
considered to be resistant to the ischemic stress [23, 24]. The
neurogenesis in subgranular zone (SGZ) of DG as well as
cortical subventricular zone (SVZ) produces newly generated
neurons even in adulthood and is known to increase neural stem cells (NSCs) proliferation and differentiation into
neurons after the transient brain ischemia [25, 26]. Because
the rats that received UCMS after MCAO treatment had
reduced neurogenesis in DG, it was considered as an adaptive
or a compensatory process against the poststroke stressors
[15]. Proliferation and differentiation of NSCs in SGZ are
controlled by various factors such as stress, mood/emotion,
environment, corticosteroids, and antidepressants [27, 28].
Based on these backgrounds, we initially examined
whether anhedonia could be spontaneously induced after
MCAO in rats while observing them for up to 30 weeks
together with the effects of antidepressant imipramine (IMP)
or fluvoxamine (FLV) in this study. The reason why we chose
anhedonia rather than other depression-related behaviors
such as the forced swimming or tail suspension was to
minimize the negative effects of the motor impairments
directly influenced by MCAO. We also evaluated the longterm neurodegenerative changes of the hippocampal DG,
including apoptosis of the granular cells (GC) and the
neurogenesis in SGZ, with the effects of IMP.

2. Materials and Methods
2.1. Experimental Animal. Young male SD rats weighing 200–
250 g at 6 weeks of age were purchased from Nihon SLC,
Co., Shizuoka, Japan. They were housed in a controlled
environment (23 ± 1∘ C, 50 ± 5% humidity) and were allowed
food and tap water ad libitum and habituated for 2 weeks
before the surgical operation. The room lights were on
between 8:00 and 20:00 (illuminated with 950 lux). The
procedure of the surgical operations for transient MCAO was
described in our previous publications [22, 29–31]. In brief,
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the right middle cerebral artery of the rat was occluded for
90 min by inserting a silicone-coated 4-0 monofilament after
the right carotid artery was exposed and separated into the
internal and the external ones with careful conservation of
the vagus nerve under anesthetization with 2% halothane in a
mixture of 30% oxygen and 70% nitrous oxide. One day after
the reperfusion of blood flow by withdrawing the filament,
animals that showed grade 3 or over of Hunter’s neurological
score [32] were used for further experiments. To examine
the behavioral changes after the surgical operation for 30
weeks, 40 rats were divided into 4 groups: sham, sham +
antidepressants, MCAO, and MCAO + antidepressants (𝑁 =
10/group, total 𝑁 = 40). For the immunohistochemical
examinations, another 80 rats were divided equally into two
groups of sham and MCAO, and 5 rats/group were sacrificed
at 1 day (1 d), 3 days (3 d), 1 week (1 w), 2 weeks (2 w), 6 weeks
(6 w), 20 weeks (20 w), and 30 weeks (30 w) after the surgical
operation. Naı̈ve animal (𝑁 = 5) means the rats fixed without
any surgical operation at 8 weeks of age.
All handling and procedures of animal experiments were
performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH Publications number 8023, revised 1978) and approved
by the Committee for Animal Experiments of Tokushima
University.
2.2. Antidepressant Treatment. From 1 week after MCAO,
the antidepressant imipramine hydrochloride or a selective
serotonin reuptake inhibitor (SSRI) fluvoxamine maleate
(Sigma, St. Louis, MO, USA) was dissolved directly in tap
water based on the daily amount of water consumption so
that the rats could absorb the drugs with 20 mg/kg/day. The
doses were determined based on the previous reports [33–
36]. For drug administration, we avoided a direct handling
procedure such as intraperitoneal injection to minimize any
noxious stressor on rats after MCAO.
2.3. Sucrose Preference Test. This test is to evaluate anhedonia,
one of indices of depressiveness [37]. For habituation during
one week before MCAO, animals were exposed to water containing 1% sucrose twice for 2 successive days separated by a
2-day interval substituted by normal tap water. The tests were
performed at 1 w, 2 w, 6 w, 20 w, and 30 w after MCAO during
the dark period (20:00–8:00) with presenting two bottles
of water simultaneously (one was normal while the other
one contained 1% sucrose), and the percentage of sucrose
preference was calculated as (sucrose water intake)/(total
water intake).
2.4. Open Field Test. This test was performed to evaluate the
spontaneous activity of the rats at 1 w, 2 w, 6 w, 20 w, and 30 w
after MCAO. The rats were put in an open field (50 cm ×
50 cm, divided into 25 squares of 10 cm × 10 cm by line grids)
under the 950-lux illumination for 10 min and were recorded
by a video camera set at 60 cm high above the field. The
number of stepping instances over the grids was counted as
the horizontal activity, and the number of rearing instances
was counted as the vertical activity, by an examiner unaware
of the grouping details.
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2.5. Immunohistochemistry. The procedure of the immunohistochemical examinations was followed essentially by the
previous studies in our laboratory [22, 29–31]. Rats were anesthetized with intraperitoneal injection of 50 mg/kg of sodium
pentobarbital solution at 1 d, 3 d, 1 w, 2 w, 6 w, 20 w, and 30 w
after MCAO, flashed with 1% heparin-containing saline, and
fixed with perfusion of 4% paraformaldehyde (Wako, Osaka,
Japan) in phosphate buffered saline (PBS, pH 7.4, 137 mM
NaCl, 2.7 mM KCl, 10 mM Na2 HPO4 , and 10 mM KH2 PO4 ).
One day after the fixation, brains were excised out and kept
in the same fixative solution for one night. The fixed brains
were washed with PBS for 1 hr × 3 times and dehydrated in
ethanol (70, 80, 95, and 100%) and then embedded in paraffin.
The coronal sections of the dorsal hippocampus (between
bregmata −2.5 mm and −4.5 mm) with 5 𝜇m thickness were
sliced out by a sliding microtome (TU-213, Yamato, Saitama,
Japan), and 4 slices/animal (for one primary antibody) were
taken out from each of the 0.5 mm ranges and mounted on
the slide glasses. For deparaffinization, the slices were heated
at 59∘ C for 1 hr, treated with xylene, ethanol, and dH2 O,
and then served for the immunohistochemical examinations.
They were washed with PBS for 3 min × 3 times and incubated
with the blocking solution containing 10% normal horse
serum (Vector Labs, CA, USA) and 0.3% Triton X-100 in PBS
for 60 min at room temperature.
For the primary antibodies of immunostaining, antineuronal nuclei (NeuN, monoclonal, Chemicon-Millipore,
CA, USA, 1 : 200), anti-𝛽III-tubulin (monoclonal, Abcam,
MA, USA, 1 : 400), anti-MAP2 (monoclonal, Abcam, MA,
USA, 1 : 1500), anti-Bax (polyclonal, Santa Cruz, CA, USA,
1 : 100), anti-Bcl-2𝛼 (monoclonal, Lab Vision, ND, USA,
1 : 50), anti-Nestin (monoclonal, Chemicon, CA, USA,
1 : 500), anti-Ki67 (polyclonal, Abcam, MA, USA, 1 : 400),
and anti-doublecortin (DCX, polyclonal, Abcam, MA, USA,
1 : 1000) were used. They were diluted in the blocking solution
and incubated with the slices for one night at 4∘ C. The slices
were washed with PBS for 3 min × 3 times before incubating
with the secondary antibody. To visualize the bound primary
antibodies, a Vectastain elite ABC kit and 3 ,3 -diaminobenzidine (DAB) substrate kit (Vector Labs, CA, USA) were used
according to the manufacturer’s protocol. As negative control
sections, each primary antibody or the secondary antibody
was omitted. All the slices on the slide glasses were covered
by cover glasses with VECTASHIELD mounting medium
(Vector Labs, CA, USA). They were observed and recorded
with a digital camera-equipped BX51 light microscope
(Olympus, Tokyo, Japan) at a magnitude of 12.5x (cresyl
violet) or 200x (NeuN, Bax, Bcl-2𝛼, and DCX) or 400x (𝛽IIItubulin, MAP2, Nestin, and Ki67). To detect anti-cleaved
caspase-3 antibody (polyclonal, Bio Vision, CA, USA, 1 : 100),
TSA system with FITC kit (GE Health Science, MA, USA)
combined with Höchst 33258 (Invitrogen, OR, USA) nuclear
staining was used. The images were observed and captured
with LSM510 confocal laser scanning microscope system
(Carl Zeiss, Heidelberg, Germany) at a magnitude of 200x
using ZEN 2009 interface with line mode, 3 𝜇m thickness of
pinhole setting, and 4 × averaging with scan speed 4 (2 min,
5 sec).
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2.6. Analysis of the Immunoreactivity. The images of DG
from 4 slices/animal were captured and analyzed using a
computer-associated image analyzer (WinROOF Version 5;
Mitani Corporation, Fukui, Japan) by an examiner who was
not aware of the grouping details. Images from one slice
were collected from both ipsi- and contralateral DG so that
70% or more of the area of GCL could be examined. We
defined the granular cell layer (GCL) in each image with
100 𝜇m width and SGZ at the inner edge of GCL with 20 𝜇m
width and measured the defined area as mm2 automatically
with the analyzer. The number of cresyl violet-stained or
immunopositive cells (NeuN, cleaved caspase-3, Bax, Bcl-2𝛼,
Nestin, Ki67, and DCX) or % immunopositive density (𝛽IIItubulin and MAP2) in each image was measured, summed
up for 4 slices/animal, and was calculated as per mm2 of the
measured area in each animal.
2.7. Statistical Analysis. All the data are given as means
± standard error of mean (SEM). The following analysis
was used: behavioral examinations, two-way (time, group)
analysis of variance (ANOVA) followed by Scheffe post hoc
test at each time point; immunohistochemical examinations
of the time course analysis, two-way (time, group) ANOVA
followed by Tukey-Kramer post hoc test (Nissl, NeuN, 𝛽IIItubulin, MAP2, Nestin, Ki67, and DCX) or unpaired 𝑡-test
(cleaved caspase-3, Bax, and Bcl-2𝛼) at each time point;
immunohistochemical examinations with IMP at 30 weeks
after the surgical operation, one-way (group) ANOVA followed by Tukey-Kramer post hoc test; comparisons of two
independent groups, unpaired 𝑡-test. 𝑃 < 0.05 was regarded
as statistically significant. All of the analysis was done using
StatView Ver. 5.0 (SAS Institute, USA).

3. Results
3.1. Aggravation of Anhedonia after MCAO. We first examined whether depression-related behavior anhedonia would
be spontaneously expressed after MCAO in rats. Normal
rats usually show 80–90% of sucrose preference (87.9 ±
2.8% at 30 weeks in sham), as shown in Figures 1(a) and
1(b) (open symbols). MCAO-operated rats (closed symbols)
tended to less prefer sucrose containing water compared to
sham groups (open symbols) throughout the time course
after MCAO. Interestingly, sucrose preference was further
decreased significantly at 20 and 30 weeks after MCAO to
around 50–60% (56.8 ± 4.5% at 30 weeks in MCAO, 𝑃 < 0.01
versus sham), and it was prevented by chronic administration
of IMP (Figure 1(a), 78.9 ± 3.8% at 30 weeks in MCAO + IMP,
𝑃 < 0.05 versus MCAO) or FLV (Figure 1(b), 76.7 ± 2.2% in
MCAO + FLV at 30 weeks, 𝑃 < 0.05 versus MCAO) significantly. Daily amount of water consumption was decreased
significantly to around 60% in MCAO-operated rats (59.2 ±
3.3 mL in sham versus 33.7 ± 1.8 mL in MCAO at 30 weeks,
𝑃 < 0.01) and was not prevented by chronic IMP treatment
(Figure 1(c), 34.4 ± 3.1 mL in MCAO + IMP at 30 weeks, 𝑃 >
0.05 versus MCAO). The body weight of the MCAO-operated
rats initially decreased significantly (230.1 ± 3.7 g in sham
versus 170.4 ± 5.3 g in MCAO at 3 days, 𝑃 < 0.01) and stayed

4

Neural Plasticity

100

100

80

∗

90

∗∗

∗

∗∗

∗∗

##

70

##

∗∗

60
50

∗∗

Sucrose preference (%)

Sucrose preference (%)

90

80
70
60

40

30

30

2w

20 w

6w

∗∗

∗

30 w

1w

2w

70

500

60

450

50

∗∗

20

∗∗

10

∗∗

∗∗

∗∗

∗∗

∗∗

∗∗

∗∗

∗∗

∗∗

∗∗

∗∗

∗∗

Naïve

3d

1w

2w

30 w

∗∗

350

∗∗

300

∗∗
∗∗

250

4w

6w

10 w 20 w 30 w

150

∗∗
Naïve

∗∗

∗∗
∗∗

3d

1w

(c)

∗∗

∗∗

∗∗

∗∗

∗∗
2w

4w

6w

10 w 20 w 30 w

(d)

50

140
120

40

100
80
60
40
20
0

∗

∗∗
∗∗
∗∗

Rearing counts

Step counts over grids

20 w

400

200

∗∗

0

Body weight (g)

Daily water drinking (mL)

550

∗∗

6w
(b)

80

30

∗∗

∗∗

(a)

40

##

∗∗

50

40
1w

∗

∗

∗∗

∗∗

∗∗

30
∗
20
∗∗

∗∗
∗∗

∗∗

10

∗∗

∗∗
1w

2w

6w
(e)

20 w

30 w

0

1w

2w

6w

20 w

30 w

(f)

Figure 1: Behavioral analysis of the rats after MCAO. Symbols used are as follows: open square, sham; open circle, sham + antidepressant;
closed square, MCAO; closed circle, MCAO + antidepressant; 𝑁 = 10/group, total 𝑁 = 40. For antidepressants treatment, vehicle (open and
closed square), 20 mg/kg/day of IMP in (a) and (c) to (f) or FLV in (b) (open and closed circles) was administered for 29 weeks. Statistical
significance was evaluated with two-way ANOVA followed by Scheffe post hoc test. (a) Sucrose preference test with IMP. 𝐹(time) 4 = 17.4;
𝐹(group) 3 = 63.9; 𝐹(time∗group) 12,180 = 9.131; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham; ## 𝑃 < 0.01 versus MCAO + IMP. (b) Sucrose preference test
with FLV. 𝐹(time) 4 = 2.76; 𝐹(group) 3 = 39.5; 𝐹(time∗group) 12,180 = 2.13; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham; ## 𝑃 < 0.01 versus MCAO + FLV. (c)
Daily amount of water drinking before (Naı̈ve) and after MCAO. 𝐹(time) 8 = 27.2; 𝐹(group) 3 = 351.1; 𝐹(time∗group) 24,324 = 9.70; ∗∗ 𝑃 < 0.01 versus
sham. (d) Changes of body weight before (Naı̈ve) and after MCAO. 𝐹(time) 8 = 1291.6; 𝐹(group) 3 = 249.5; 𝐹(time∗group) 24,324 = 11.1; ∗∗ 𝑃 < 0.01
versus sham. (e, f) Open field test. (e) Horizontal activity during a period of 10 min. 𝐹(time) 4 = 3.43; 𝐹(group) 3 = 56.8; 𝐹(time∗group) 12,180 = 3.45;
∗∗
𝑃 < 0.01 versus sham. (f) Vertical activity characterized by the number of rearing instances during a period of 10 min. 𝐹(time) 4 = 9.79;
𝐹(group) 3 = 41.0; 𝐹(time∗group) 12,180 = 1.59; ∗∗ 𝑃 < 0.01 versus sham.
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Figure 2: Typical images of the cresyl violet staining in the hippocampal dentate gyrus of rats. Note that the entire shape of GCL in (b)
(ipsilateral MCAO) is shrunk compared to the others. Scale bar indicates 200 𝜇m.

lower than sham groups until around 6 weeks after MCAO
and then gradually recovered and was almost the same as
sham group at 30 weeks (Figure 1(d): 487.4 ± 6.2 g in sham
versus 485.2±7.1 g in MCAO at 30 weeks, 𝑃 > 0.05). Chronic
IMP treatment did not affect them after MCAO (465.9 ± 7.3 g
in MCAO + IMP at 30 weeks, 𝑃 > 0.05 versus MCAO). The
rats given FLV also showed similar results to Figures 1(c) and
1(d) (data not shown).
3.2. Spontaneous Activity of the Rats after MCAO. We next
examined the spontaneous activity of rats with open field test
(Figures 1(e) and 1(f)). It revealed that both horizontal and
vertical activities of MCAO-operated rats (closed symbols)
were decreased significantly compared to sham groups (open
symbols). However, they gradually recovered and reached a
similar level to that of sham group at 30 weeks after MCAO
(Figures 1(e) and 1(f): horizontal activity, 103.4 ± 4.3 in sham
versus 77.6 ± 5.8 in MCAO, 𝑃 > 0.05; vertical activity,
30.1 ± 1.2 in sham versus 23.5 ± 2.2 in MCAO, 𝑃 > 0.05).
Chronic IMP treatment did not affect them (Figures 1(e) and
1(f): horizontal activity, 83.2 ± 4.9 in MCAO + IMP, 𝑃 > 0.05
versus MCAO; vertical activity, 24.2 ± 1.8 in MCAO + IMP,
𝑃 > 0.05 versus MCAO). Similar results with FLV-treated rats
were observed (data not shown).
3.3. Specific Loss of the Granular Neurons in the Ipsilateral
DG after MCAO. In the paraffin sections prepared from
the brains at 30 weeks after MCAO, DG of the dorsal hippocampus was observed with cresyl violet staining
(Figure 2). We noticed that the shape of GCL was shrunk

specifically in the slices prepared from MCAO-operated
ipsilateral hippocampus (Figure 2(b)). Time course analysis
of the cresyl violet-stained cells revealed the significant loss
of the cells in GCL observed at 20 and 30 weeks after
MCAO (Figure 3(b): 4699.6±119.2 cells/mm2 in sham versus
3561.8 ± 177.3 cells/mm2 in ipsilateral MCAO at 30 weeks,
𝑃 < 0.01), and it was prevented by chronic administration
of IMP from 1 week to 30 weeks after MCAO (Figure 3(c):
4531.0±262.5 cells/mm2 in ipsilateral MCAO + IMP, 𝑃 < 0.05
versus ipsilateral MCAO).
We also quantified the number of the cells in which the
condensed cytosol was observed with cresyl violet staining
at 30 weeks after MCAO (𝐹5,24 = 1.67, one-way ANOVA
followed by Tukey-Kramer post hoc test). Compared with
sham (102.7 ± 14.7 cells/mm2 ), MCAO tended to increase the
condensed cells in both ipsi- and contralateral GCL without
statistical significance (147.5 ± 9.6 cells/mm2 in ipsilateral
MCAO and 129.2 ± 16.7 cells/mm2 in contralateral MCAO,
𝑃 > 0.05 versus sham), and IMP did not reverse them
(137.4 ± 14.8 cells/mm2 in ipsilateral MCAO + IMP and
133.2 ± 21.4 cells/mm2 in contralateral MCAO + IMP, 𝑃 >
0.05 versus sham).
Because loss of GC in DG after ischemia had never
been reported yet, we examined NeuN immunoreactivity
as a marker of the matured neurons in GCL (Figure 4).
Similar to the result of cresyl violet staining in Figure 3,
time course analysis revealed that the number of NeuN
immunopositive cells in GCL was decreased at 20 and
30 weeks after MCAO significantly (Figure 4(b): 4401.0 ±
110.4 cells/mm2 in sham versus 3230.9 ± 235.8 cells/mm2 in
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Figure 3: Analysis of the cresyl violet-stained cells in GCL. (a) Typical images of the slices taken at 30 weeks after MCAO. Scale bar indicates
50 𝜇m. (b) Time course changes of Nissl positive cells after MCAO in GCL. Symbols used are as follows: open square, sham; closed triangle,
ipsilateral MCAO; open triangle, contralateral MCAO. Statistical significance was evaluated with two-way ANOVA followed by Tukey-Kramer
test at each time point (𝐹(time) 7 = 2.96; 𝐹(group) 2 = 7.37; 𝐹(time∗group) 14,96 = 2.42; ∗∗ 𝑃 < 0.01 versus sham). (c) Analysis of the effect of
IMP on the number of Nissl positive cells at 30 weeks after MCAO. Open columns, sham; hatched columns, ipsilateral MCAO; striped
columns, contralateral MCAO. Vehicle [IMP(−)] or 20 mg/kg/day of IMP for 29 weeks [IMP(+)] from 1 week after the surgical operation was
administered. Statistical significance was evaluated with one-way ANOVA followed by Tukey-Kramer test (𝐹5,24 = 8.78; ∗∗ 𝑃 < 0.01 versus
sham [IMP(−)]; # 𝑃 < 0.05 and ## 𝑃 < 0.01 versus ipsilateral MCAO; 𝑁 = 5/group).

ipsilateral MCAO at 30 weeks, 𝑃 < 0.01) and the decrease
was prevented by chronic IMP treatment for 29 weeks after
MCAO (Figure 4(c): 4169.8 ± 287.5 cells/mm2 in ipsilateral
MCAO + IMP, 𝑃 < 0.05 versus ipsilateral MCAO).

We further examined other antibodies for the neuronal
markers 𝛽III-tubulin and MAP2 (Figures 5 and 6) in GCL
with measuring % density of the immunoreactive area.
Immunoreactivity of 𝛽III-tubulin in ipsilateral GCL started
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Figure 4: Analysis of NeuN immunopositive cells in GCL. (a) Typical images of the slices taken at 30 weeks after MCAO. Scale bar indicates
50 𝜇m. (b) Time course changes of NeuN immunopositive cells after MCAO in GCL. Symbols used are as follows: open square, sham; closed
triangle, ipsilateral MCAO; open triangle, contralateral MCAO. Statistical significance was evaluated with two-way ANOVA followed by
Tukey-Kramer test at each time point (𝐹(time) 7 = 2.78; 𝐹(group) 2 = 11.0; 𝐹(time∗group) 14,96 = 1.57; ∗∗ 𝑃 < 0.01 versus sham). (c) Analysis of the
effect of IMP on the number of NeuN immunopositive cells at 30 weeks after MCAO. Vehicle [IMP(−)] or 20 mg/kg/day of IMP for 29 weeks
[IMP(+)] from 1 week after the surgical operation was administered. Statistical significance was evaluated with one-way ANOVA followed by
Tukey-Kramer test (𝐹5,24 = 7.00; ∗∗ 𝑃 < 0.01 versus sham [IMP(−)]; # 𝑃 < 0.05 versus ipsilateral MCAO [IMP(−)]; 𝑁 = 5/group).

to decrease at 6 weeks after MCAO (Figure 5(b): 18.8 ± 0.90%
in sham versus 14.6 ± 0.61% in ipsilateral MCAO, 𝑃 < 0.05)
and further decreased at 20 and 30 weeks (12.4 ± 0.48%,
𝑃 < 0.01 versus sham), and it was reversed by chronic IMP
treatment (15.7 ± 0.72%, 𝑃 < 0.01). Similar results were

obtained from the examination of MAP2 immunoreactivity
(Figure 6). At 30 weeks after the surgical operation, 19.6 ±
0.50% in sham was decreased to 14.2 ± 0.51% in ipsilateral
MCAO (𝑃 < 0.01), and chronic IMP treatment prevented it
(17.0 ± 1.20%, 𝑃 > 0.05 versus sham).
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Figure 5: Analysis of 𝛽III-tubulin immunopositive areas in GCL. (a) Typical images of the slices taken at 30 weeks after MCAO. Scale bar
indicates 30 𝜇m. (b) Time course changes of 𝛽III-tubulin immunopositive areas after MCAO in GCL. Symbols used are as follows: open square,
sham; closed triangle, ipsilateral MCAO; open triangle, contralateral MCAO. Statistical significance was evaluated with two-way ANOVA
followed by Tukey-Kramer test at each time point (𝐹(time) 7 = 3.06; 𝐹(group) 2 = 19.6; 𝐹(time∗group) 14,96 = 1.17; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus
sham). (c) Analysis of the effect of IMP on 𝛽III-tubulin immunopositive areas at 30 weeks after MCAO. Vehicle [IMP(−)] or 20 mg/kg/day
of IMP for 29 weeks [IMP(+)] from 1 week after the surgical operation was administered. Statistical significance was evaluated with one-way
ANOVA followed by Tukey-Kramer test (𝐹5,24 = 6.05; ∗∗ 𝑃 < 0.01 versus sham [IMP(−)]; 𝑁 = 5/group). Unpaired 𝑡-test was performed with
ipsilateral MCAO [IMP(−)] versus contralateral MCAO [IMP(−)] (𝑡 = 3.41, $$ 𝑃 < 0.01) or versus ipsilateral MCAO [IMP(+)] (𝑡 = 4.12,
$$
𝑃 < 0.01).
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Figure 6: Analysis of MAP2 immunopositive areas in GCL. (a) Typical images of the slices taken at 30 weeks after MCAO. Scale bar indicates
20 𝜇m. (b) Time course changes of MAP2 immunopositive areas after MCAO in GCL. Symbols used are as follows: open square, sham;
closed triangle, ipsilateral MCAO; open triangle, contralateral MCAO. Statistical significance was evaluated with two-way ANOVA followed
by Tukey-Kramer test at each time point (𝐹(time) 7 = 11.0; 𝐹(group) 2 = 16.1; 𝐹(time∗group) 14,96 = 3.65; ∗∗ 𝑃 < 0.01 versus sham). (c) Analysis of the
effect of IMP on MAP2 immunopositive areas at 30 weeks after MCAO. Vehicle [IMP(−)] or 20 mg/kg/day of IMP for 29 weeks [IMP(+)] from
1 week after the surgical operation was administered. Statistical significance was evaluated with one-way ANOVA followed by Tukey-Kramer
test (𝐹5,24 = 5.07; ∗∗ 𝑃 < 0.01 versus sham [IMP(−)]; # 𝑃 < 0.05 versus ipsilateral MCAO [IMP(−)]; 𝑁 = 5/group).

All of these data indicated the degenerative loss of GC in
the ipsilateral DG at chronic stages after MCAO.
3.4. Increased Apoptosis in GCL after MCAO. In Section 3.3,
we showed that delayed neuronal loss occurred in the
ipsilateral GCL of the hippocampal DG at chronic stages after
MCAO. To examine whether the degenerative loss of GC
involved neuronal apoptosis, we next performed immunostaining of cleaved caspase-3, which executes apoptosis. We

analyzed the ipsilateral GCL and SGZ separately to distinguish the matured neurons and the other cells including
NSCs in DG. In GCL, the number of cleaved caspase-3
immunopositive cells was significantly increased at 2 through
30 weeks of MCAO (Figure 7(b): 17.7 ± 1.44 cells/mm2 in
sham versus 55.1 ± 4.76 cells/mm2 in MCAO at 30 weeks, 𝑃 <
0.01) and the decrease was mostly prevented by chronic IMP
treatment at 30 weeks after MCAO (Figures 7(a) and 7(d):
19.8 ± 1.01 cells/mm2 in MCAO + IMP at 30 weeks, 𝑃 < 0.01
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Figure 7: Analysis of the number of cleaved caspase-3 immunopositive cells in ipsilateral GCL and SGZ. (a) Typical images of the slices
taken at 30 weeks after MCAO. Blue signal is the nuclei stained with Höchst 33258, while green signal of FITC is from cleaved caspase-3
immunopositive cells. Scale bar indicates 50 𝜇m. (b, c) Time course changes of cleaved caspase-3 immunopositive cells after MCAO in GCL
(b) and SGZ (c). Symbols used are as follows: open square, sham; closed triangle, MCAO. Statistical significance was evaluated with twoway ANOVA followed by unpaired 𝑡-test at each time point (GCL: 𝐹(time) 7 = 21.2, 𝐹(group) 1 = 129.6, 𝐹(time∗group) 7,64 = 19.1, 𝑡(2 w) = 3.71,
𝑡(6 w) = 12.35, 𝑡(20 w) = 6.24, and 𝑡(30 w) = 7.53; SGZ: 𝐹(time) 7 = 4.50, 𝐹(group) 1 = 5.84, 𝐹(time∗group) 7,64 = 6.06, 𝑡(3 d) = 3.29, 𝑡(6 w) = −2.79,
𝑡(20 w) = −4.86, and 𝑡(30 w) = −3.95; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham). (d, e) Analysis of the effect of IMP (20 mg/kg/day for 29 weeks) on
the number of cleaved caspase-3 immunopositive cells at 30 weeks after MCAO in GCL (d) and SGZ (e). Statistical significance was evaluated
with one-way ANOVA followed by Tukey-Kramer post hoc test (𝐹(GCL) 3,16 = 24.63; 𝐹(SGZ) 3,16 = 18.41; ∗∗ 𝑃 < 0.01 versus sham [IMP(−)];
##
𝑃 < 0.01 versus MCAO [IMP(−)]; 𝑁 = 5/group).

versus MCAO). In contrast, the number of cleaved caspase-3
immunopositive cells in SGZ was initially increased at 3 days
(49.3 ± 3.03 cells/mm2 in sham versus 65.1 ± 3.71 cells/mm2
in MCAO, 𝑃 < 0.05) and then decreased at 6 through 30
weeks of MCAO (Figure 7(c): 52.3 ± 3.73 cells/mm2 in sham

versus 32.2±3.48 cells/mm2 in MCAO at 30 weeks, 𝑃 < 0.01),
and chronic IMP treatment tended to prevent it (Figure 7(e):
40.6±1.79 cells/mm2 , 𝑃 > 0.05 versus sham). It is notable that
the number of cleaved caspase-3 immunopositive cells in SGZ
was much higher than that of GCL in sham groups, whereas
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Figure 8: Analysis of the number of Bax immunopositive cells in the ipsilateral GCL and SGZ. (a) Typical images of the slices taken at 30
weeks after MCAO. Scale bar indicates 50 𝜇m. (b, c) Time course changes of Bax immunopositive cells after MCAO in GCL (b) and SGZ (c).
Symbols used are as follows: open square, sham; closed triangle, MCAO. Statistical significance was evaluated with two-way ANOVA followed
by unpaired 𝑡-test at each time point (GCL: 𝐹(time) 7 = 18.1, 𝐹(group) 1 = 286.4, 𝐹(time∗group) 7,64 = 19.3, 𝑡(1 d) = 12.8, 𝑡(1 w) = 2.46, 𝑡(2 w) = 5.61,
𝑡(6 w) = 6.30, 𝑡(20 w) = 11.3, and 𝑡(30 w) = 7.95; SGZ: 𝐹(time) 7 = 11.2, 𝐹(group) 1 = 27.8, 𝐹(time∗group) 7,64 = 12.3, 𝑡(1 d) = 7.51, 𝑡(3 d) = 5.52, 𝑡(2 w) = 3.17,
and 𝑡(30 w) = −2.00; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham). (d, e) Analysis of the effect of IMP (20 mg/kg/day for 29 weeks) on the number
of Bax immunopositive cells at 30 weeks after MCAO in GCL (d) and SGZ (e). Statistical significance was evaluated with one-way ANOVA
followed by Tukey-Kramer post hoc test (𝐹(GCL) 3,16 = 31.1; 𝐹(SGZ) 3,16 = 6.07; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham [IMP(−)]; 𝑁 = 5/group).

it was reversed after 20 and 30 weeks of MCAO, suggesting
the increased apoptosis of the matured GC and decreased
apoptosis of NSCs in DG after MCAO.
3.5. Analysis of the Death and Survival Signaling in DG after
MCAO. Related to the increased apoptosis in the ipsilateral
GCL, we characterized the immunoreactivities of Bax as a
marker of death signaling and Bcl-2𝛼 as a marker of survival
signaling in DG using specific antibodies for them (Figures
8 and 9, Supplementary Figures 1 and 2 in Supplementary

Material available online at http://dx.doi.org/10.1155/2016/
5054275).
In the ipsilateral GCL, Bax immunoreactivity increased
transiently at 1 day after MCAO (Figure 8(b): 11.9±2.23 cells/
mm2 in sham versus 53.7 ± 2.38 cells/mm2 in MCAO,
𝑃 < 0.01), returned to the sham level in 3 days, and then
increased again and stayed higher than the sham group
significantly at 1 through 30 weeks of MCAO (Figure 8(b):
14.7 ± 2.47 cells/mm2 in sham versus 57.4 ± 4.78 cells/mm2
in MCAO at 30 weeks, 𝑃 < 0.01). The increased Bax was not
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Figure 9: Analysis of the number of Bcl-2𝛼 immunopositive cells in the ipsilateral GCL and SGZ. (a) Typical images of the slices taken
at 30 weeks after MCAO. Scale bar indicates 50 𝜇m. (b, c) Time course changes of Bcl-2𝛼 immunopositive cells after MCAO in GCL (b)
and SGZ (c). Symbols used are as follows: open square, sham; closed triangle, MCAO. Statistical significance was evaluated with two-way
ANOVA followed by unpaired 𝑡-test at each time point (GCL: 𝐹(time) 7 = 40.3, 𝐹(group) 1 = 20.8, 𝐹(time∗group) 7,64 = 48.7, 𝑡(1 d) = 12.4, 𝑡(3 d) = 3.15,
𝑡(1 w) = −5.54, 𝑡(2 w) = 3.31, 𝑡(6 w) = −4.16, 𝑡(20 w) = −5.73, and 𝑡(30 w) = −5.44; SGZ: 𝐹(time) 7 = 23.1, 𝐹(group) 1 = 2.36, 𝐹(time∗group) 7,64 = 18.2,
𝑡(1 d) = 7.36, 𝑡(1 w) = −5.38, 𝑡(2 w) = 2.90, and 𝑡(6 w) = −3.64; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham). (d, e) Analysis of the effect of IMP
(20 mg/kg/day for 29 weeks) on the number of Bcl-2𝛼 immunopositive cells at 30 weeks after MCAO in GCL (d) and SGZ (e). Statistical
significance was evaluated with one-way ANOVA followed by Tukey-Kramer post hoc test (𝐹(GCL) 3,16 = 11.9; 𝐹(SGZ) 3,16 = 1.84; ∗∗ 𝑃 < 0.01
versus sham [IMP(−)]; ## 𝑃 < 0.01 versus MCAO; 𝑁 = 5/group).

prevented by chronic IMP treatment at 30 weeks after MCAO
(Figure 8(d): 47.8±5.29 cells/mm2 in MCAO + IMP, 𝑃 < 0.01
versus sham). In the ipsilateral SGZ, Bax immunoreactivity
showed a biphasic increase with its initial peak at 1–3 days
(Figure 8(c): 77.7 ± 3.52 cells/mm2 at 1 day, 𝑃 < 0.01) and
the second peak at 2 weeks (49.4 ± 5.70 cells/mm2 , 𝑃 < 0.05)

and then returned to the sham level and was lower than sham
at 30 weeks after MCAO (24.5 ± 2.97 cells/mm2 , 𝑃 < 0.05).
Chronic IMP treatment tended to prevent this decrease at 30
weeks (Figure 8(e): 34.8 ± 4.66 cells/mm2 , 𝑃 > 0.05 versus
sham). The same analysis was performed in the contralateral
DG (Supplementary Figure 1). Different from the ipsilateral
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Figure 10: Time course changes of Bax/Bcl-2𝛼 index in GCL (a) and SGZ (b). Symbols used are as follows: open square, sham; closed triangles,
ipsilateral MCAO; open triangles, contralateral MCAO.

GCL, Bax immunoreactivity in the contralateral GCL only
showed the initial increase at 1 day (Supplementary Figure 1B:
16.7 ± 2.98 cells/mm2 in sham versus 61.9 ± 5.38 cells/mm2
in MCAO, 𝑃 < 0.01) and returned to the basal level at
3 days through 30 weeks after MCAO, and chronic IMP
treatment had no effect on it (Supplementary Figure 1D). The
contralateral SGZ showed a similar time course change to the
ipsilateral SGZ, although it only had a significant increase
at 1 and 3 days after MCAO (Supplementary Figure 1C:
28.5±4.31 cells/mm2 in sham versus 73.31±3.80 cells/mm2 in
MCAO at 1 day, 𝑃 < 0.01) and returned to the sham level at 1
week through 30 weeks after MCAO. Chronic IMP treatment
had no effect on it (Supplementary Figure 1E).
Immunoreactivity of Bcl-2𝛼 in the ipsilateral GCL
(Figure 9(b): 47.0 ± 1.50 cells/mm2 in sham throughout the
time course) showed a biphasic increase with two peaks
at 1 day (182.4 ± 10.7 cells/mm2 , 𝑃 < 0.01) and 2 weeks
(79.4 ± 8.99 cells/mm2 , 𝑃 < 0.05) after MCAO. However, it
was significantly lower than sham at 1, 6, 20, and 30 weeks
(22.8 ± 2.04 cells/mm2 at 30 weeks, 𝑃 < 0.01), and chronic
IMP treatment normalized it at 30 weeks (Figure 9(d): 52.2 ±
2.15 cells/mm2 , 𝑃 < 0.05 versus MCAO). Similar time course
change of Bcl-2𝛼 to GCL was observed in the ipsilateral SGZ
with two peaks at 1 day (121.6 ± 7.11 cells/mm2 , 𝑃 < 0.01)
and 2 weeks (85.2 ± 6.38 cells/mm2 , 𝑃 < 0.05) after MCAO
(Figure 9(c)). As was in GCL, it was significantly lower than
sham at 1 and 6 weeks, although it returned to the sham
level at 20 and 30 weeks after MCAO, and there was no
difference between sham and MCAO groups with or without
IMP (Figure 9(e)). In the contralateral GCL (Supplementary
Figure 2B: 45.9 ± 1.68 cells/mm2 throughout the time course
in sham), it also showed a biphasic increase with two peaks at
1 day (268.1 ± 6.60 cells/mm2 , 𝑃 < 0.01) and 2 weeks (139.3 ±
25.2 cells/mm2 , 𝑃 < 0.01). Different from the ipsilateral GCL,
it never dropped below the sham level throughout the time
course. At 30 weeks after MCAO, there was no significant
difference between sham and MCAO with or without chronic
IMP treatment (Supplementary Figure 2D). Similar result

was obtained from the contralateral SGZ (Supplementary
Figures 2C and 2E).
From these results of Bax and Bcl-2𝛼, we calculated
Bax/Bcl-2𝛼 ratio [38] to see how the death and the survival
signaling were changed after MCAO in GCL and in SGZ
(Figure 10). In the ipsilateral GCL (Figure 10(a), closed triangle), it exceeded 1.0 at 6 through 30 weeks after MCAO,
suggesting that the death signaling was dominant in chronic
stages. In contrast, the index in SGZ (Figure 10(b)) increased
at early stages after MCAO, exceeded 1.0 at 3 days and 1 week,
and returned to the normal level at 2 through 30 weeks after
MCAO. In the contralateral GCL and SGZ (open triangle), it
kept below 1.0 as was in sham (open square) throughout the
time course for 30 weeks after MCAO.
3.6. Analysis of Neural Stem Cell Proliferation and Development in SGZ after MCAO. We further analyzed the proliferation and development of NSCs in SGZ because they
are well related to mood, depressiveness, and effects of
antidepressants.
In MCAO rats, immunoreactivity of NSCs marker Nestin
increased transiently at 3 days and 1 week after MCAO in both
the ipsilateral and contralateral SGZ of DG (Figure 11(b) at 3
days: 58.4±4.13 cells/mm2 in sham; 101.4±7.55 cells/mm2 in
ipsilateral SGZ, 𝑃 < 0.01 versus sham; 88.4 ± 7.18 cells/mm2
in contralateral SGZ, 𝑃 < 0.05 versus sham) and then
decreased and reached almost 50% of sham group (at 30
weeks: 29.9 ± 2.12 cells/mm2 in ipsilateral MCAO, 𝑃 < 0.01
versus sham; 36.1 ± 3.5 cells/mm2 in contralateral MCAO,
𝑃 < 0.01 versus sham). Chronic IMP treatment for 29 weeks
significantly prevented the decrease of Nestin-positive cells
observed in ipsilateral MCAO group at 30 weeks (39.9 ±
1.47 cells/mm2 , 𝑃 < 0.05 versus MCAO), although they
were still lower than those of sham group significantly
(Figure 11(c)).
We also examined Ki67 immunoreactivity as a proliferating cell marker. The result was similar to those observed
in Nestin. Ki67 immunoreactivity increased transiently with
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Figure 11: Analysis of Nestin immunopositive cells in GCL. (a) Typical images of the slices taken at 30 weeks after MCAO. Scale bar indicates
20 𝜇m. (b) Time course changes of Nestin immunopositive cells after MCAO in GCL. Symbols used are as follows: open square, sham; closed
triangle, ipsilateral MCAO; open triangle, contralateral MCAO. Statistical significance was evaluated with two-way ANOVA followed by
Tukey-Kramer test at each time point (𝐹(time) 7 = 53.9; 𝐹(group) 2 = 0.097; 𝐹(time∗group) 14,96 = 12.5; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham).
(c) Analysis of the effect of imipramine (IMP) on the number of Nestin immunopositive cells at 30 weeks after MCAO. Vehicle [IMP(−)] or
20 mg/kg/day of IMP for 29 weeks [IMP(+)] from 1 week after the surgical operation was administered. Statistical significance was evaluated
with one-way ANOVA followed by Tukey-Kramer test (𝐹5,24 = 11.36; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham [IMP(−)]; 𝑁 = 5/group).
Unpaired 𝑡-test was performed with ipsilateral MCAO [IMP(−)] versus [IMP(+)] (𝑡 = −2.40, $ 𝑃 < 0.05).

its peak at 3 days after MCAO (Figure 12(b) at 3 days:
50.4 ± 6.29 cells/mm2 in sham; 175.9 ± 12.8 cells/mm2 in
ipsilateral SGZ, 𝑃 < 0.01 versus sham; 90.1 ± 5.12 cells/mm2
in contralateral SGZ, 𝑃 < 0.05 versus sham) and then
decreased and stayed with a few cells per mm2 at 6 through

30 weeks (Figure 12(b) at 30 weeks: 6.40 ± 0.79 cells/mm2
in ipsilateral MCAO, 𝑃 < 0.01 versus sham; 8.51 ±
2.55 cells/mm2 in contralateral MCAO, 𝑃 < 0.01 versus
sham). Chronic IMP treatment significantly prevented the
decreased Ki67 immunoreactivity at 30 weeks after MCAO in

Neural Plasticity

15

GCL

GCL

Sham

GCL

MCAO (ipsilateral)

MCAO (contralateral)

SGZ
SGZ

SGZ
Hilus

Hilus

GCL

Sham + IMP

GCL

Hilus

MCAO + IMP (ipsilateral)

GCL

MCAO + IMP (contralateral)

SGZ
SGZ
SGZ
Hilus

Hilus

Hilus

(a)
80

250

#
$$

∗∗

60
∗∗

Number of cells/mm2

Number of cells/mm2

200

150

100

∗

∗∗

∗∗

40
∗
∗∗

20

50

0

$

∗∗ ∗∗ ∗∗
∗∗
∗∗
6 w 20 w 30 w

∗∗
Naïve 1 d

3d

1w

2w

(b)

∗∗

0

∗∗

IMP(−)

IMP(+)
(c)

Figure 12: Analysis of Ki67 immunopositive cells in GCL. (a) Typical images of the slices taken at 30 weeks after MCAO. Scale bar indicates
20 𝜇m. (b) Time course changes of Ki67 immunopositive cells after MCAO in GCL. Symbols used are as follows: open square, sham; closed
triangle, ipsilateral MCAO; open triangle, contralateral MCAO. Statistical significance was evaluated with two-way ANOVA followed by
Tukey-Kramer test at each time point (𝐹(time) 7 = 101.1; 𝐹(group) 2 = 38.2; 𝐹(time∗group) 14,96 = 37.7; ∗∗ 𝑃 < 0.01 versus sham). (c) Analysis of
the effect of imipramine (IMP) on the number of Ki67 immunopositive cells at 30 weeks after MCAO. Vehicle [IMP(−)] or 20 mg/kg/day of
IMP for 29 weeks [IMP(+)] from 1 week after the surgical operation was administered. Statistical significance was evaluated with one-way
ANOVA followed by Tukey-Kramer test (𝐹5,24 = 29.53; ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01 versus sham [IMP(−)]; # 𝑃 < 0.05 versus contralateral
MCAO [IMP(−)]; 𝑁 = 5/group). Unpaired 𝑡-test was performed with sham [IMP(−)] versus [IMP(+)] (𝑡 = −2.53, $ 𝑃 < 0.05) or with
ipsilateral MCAO [IMP(−)] versus [IMP(+)] (𝑡 = −4.74, $$ 𝑃 < 0.01).

all groups, although they were still around 50% of sham group
(Figure 12(c): 16.5 ± 1.98 cells/mm2 in ipsilateral MCAO +
IMP; 24.1 ± 6.05 cells/mm2 in contralateral MCAO + IMP;
𝑃 < 0.05 versus its corresponding MCAO).

Finally, we examined DCX immunoreactivity as a developmental marker of neurons in GCL. Although we analyzed entire GCL, most of the immunopositive cells are
found around SGZ. As was observed in Nestin and Ki67,
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Figure 13: Analysis of DCX immunopositive cells in GCL. (a) Typical images of the slices taken at 30 weeks after MCAO. Scale bar indicates
50 𝜇m. (b) Time course changes of DCX immunopositive cells after MCAO in GCL. Symbols used are as follows: open square, sham; closed
triangle, ipsilateral MCAO; open triangle, contralateral MCAO. Statistical significance was evaluated with one-way ANOVA followed by
Tukey-Kramer test at each time point (𝐹(time) 7 = 80.7; 𝐹(group) 2 = 5.91; 𝐹(time∗group) 14,96 = 22.7; ∗∗ 𝑃 < 0.01 versus sham; # 𝑃 < 0.05 versus
contralateral MCAO [IMP(−)]; 𝑁 = 5/group). (c) Analysis of the effect of imipramine (IMP) on the number of DCX immunopositive cells
at 30 weeks after MCAO. Vehicle [IMP(−)] or 20 mg/kg/day of IMP for 29 weeks [IMP(+)] from 1 week after the surgical operation was
administered. Statistical significance was evaluated with one-way ANOVA followed by Tukey-Kramer test (𝐹5,24 = 41.60; ∗∗ 𝑃 < 0.01 versus
sham; # 𝑃 < 0.05 versus contralateral MCAO [IMP(−)]; 𝑁 = 5/group). Unpaired 𝑡-test was performed with ipsilateral MCAO [IMP(−)] versus
[IMP(+)] (𝑡 = −4.10, $$ 𝑃 < 0.01).

it also increased in early stages with its peak at 1 week
(Figure 13(b) at 1 week: 58.2±3.39 cells/mm2 in sham; 124.9±
5.54 cells/mm2 in ipsilateral SGZ; 97.5 ± 5.36 cells/mm2 in
contralateral SGZ, 𝑃 < 0.01 versus sham) and then decreased

and stayed lower than sham significantly at 6 through
30 weeks after MCAO (Figure 13(b) at 30 weeks: 14.4 ±
2.21 cells/mm2 in ipsilateral MCAO; 14.8 ± 1.30 cells/mm2
in contralateral MCAO, 𝑃 < 0.01 versus sham). Chronic
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IMP treatment significantly prevented the decreased DCX
immunoreactivity at 30 weeks in MCAO groups, although
they were not normalized as sham group (Figure 13(c):
26.2 ± 1.83 cells/mm2 in ipsilateral MCAO + IMP; 29.1 ±
3.84 cells/mm2 in contralateral MCAO + IMP; 𝑃 < 0.05
versus its corresponding MCAO).

4. Discussion
Here we characterized a possible animal model of the
postischemic depression after the transient MCAO in rats
with a behavioral and an immunohistochemical analysis.
Our findings in this study are as follows: (i) we observed
spontaneous aggravation of anhedonia in MCAO-operated
rats at chronic stages (20 and 30 weeks) after MCAO, which
was prevented by chronic IMP or FLV treatment; (ii) this
aggravation of anhedonia associated with delayed neuronal
death of the granular neurons specifically in the ipsilateral
DG, suggesting it would be a part of cellular and molecular
pathophysiological mechanisms; (iii) the increased proliferation of NSCs and the following neural development in SGZ
at early stages after MCAO were decreased significantly at
chronic stages with almost ceased NSCs proliferation; (iv) the
neurodegenerative changes in DG were prevented by chronic
IMP treatment.
In the following, we discuss these subjects in further
detail.
4.1. Postischemic Anhedonia in MCAO Rodents. From many
previous studies combining MCAO and additional stressor
in rodents [14], it is strongly suggested that the stress vulnerability after stroke is increased significantly. Without adding
any contemplated stress, Boyko et al. reported % sucrose
preference in permanent MCAO rats (operated on at 20
weeks of age and examined at 3 weeks after MCAO) decreased
to around 60%, together with the increased immobility in
FST and decreased responses in the shuttle avoidance task
[39]. Craft and DeVries reported that the transient ischemia
model of mice showed anhedonia with around 50% sucrose
preference at 7 days after the surgical operation and was rescued by administration of an antagonist of interleukin-1 (IL1) receptor [37]. Although both of them did not examine the
time course change of anhedonia nor effect of antidepressants
on it, these reports with our results in Figures 1(a) and 1(b)
showed that PSD in rodents could be induced after MCAO
without combining extra stressor stimuli. Sensitivity of the
experimental anhedonia to antidepressants should carefully
be examined because as shown in Figures 1(a) and 1(b), lessor
sucrose preference in MCAO rats was observed throughout
the time course from 1 day to 6 weeks after MCAO, and it
was insensitive to IMP or FLV. It should also be noted that
the decreased amount of daily water consumption in MCAO
rats was not rescued by IMP nor by FLV, suggesting that
some hypothalamic functions controlling water intake may
be affected after MCAO. Because of this reason, we had to
increase the concentration of antidepressants in the drinking
water of MCAO rats so that they take the same amount
of antidepressants as sham rats. To avoid this issue, use of
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an osmotic minipump, for example, would be examined in
further studies.
4.2. Postischemic Neuronal Loss and Apoptosis in GCL. As
mentioned in the Introduction, delayed neuronal death of
the hippocampal CA1 pyramidal neurons after ischemia has
been well characterized, and other regions such as CA3 and
DG were thought to be resistant to ischemic stress. In this
study, however, we demonstrated delayed neuronal death of
the granular neurons in DG at chronic stages after MCAO for
the first time, which was consistent with the time course of
the aggravation of anhedonia (Figures 1(a), 2–6). Considering
the increased immunoreactivities of cleaved caspase-3 and
Bax together with decreased Bcl-2𝛼 at chronic stages in the
ipsilateral GCL (Figures 7–9), it seems that the death signal
exceeded the survival signal in GCL after 1 week of MCAO
(Figure 10), resulting in the increased apoptotic neuronal
death of the matured GC. The increased Bax after 1 week
stayed higher than that of sham, whereas Bcl-2𝛼 significantly
decreased compared to sham in those periods, suggesting that
the death signal exceeded the survival signal. Further studies
are required to identify what kind of molecular factor triggers
this neurodegenerative condition. One possible mechanism
is the increase of the inflammatory factors such as tumornecrosis factor 𝛼 (TNF𝛼), IL-1𝛽, IL-6, and iNOS from glial
cells [22, 40, 41]. In fact, trimethyltin was reported to induce
selective loss of granular neurons in DG with activating
TNF𝛼-mediated apoptotic signaling [42, 43]. Other possible
molecular candidates are the decreased trophic factors such
as brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF) [44, 45], and vascular endothelial growth factor
(VEGF) [46]. BDNF expression in PSD animals has been
examined by researchers [14, 18, 39]. Considering the neuronal activity-dependent production of neurotrophic factors
[47], it is also possible that the brain areas innervating
DG such as the entorhinal cortex might be damaged after
MCAO with decreasing the neuronal input to DG; thus
it reduced the neuronal activities of DG, resulting in the
loss of neurotrophic conditions. Further electrophysiological, neurochemical, and immunohistochemical examinations
will explore the detailed pathological mechanisms of the
neurodegeneration in the ipsilateral DG after MCAO.
4.3. Postischemic Proliferation of the Neural Stem Cells in SGZ.
Increased proliferation of NSCs after ischemic event in SGZ
was reported previously [25, 26]. It was also indicated that
the proliferated NSCs differentiated into mature neurons and
integrated in GCL [48]. In fact, our results of Nestin, Ki67, and
DCX immunostaining at early stages after MCAO (Figures
11–13) were consistent with these reports. Although this initial
increase is thought to be important to keep the number of
mature GC after MCAO for at least 20 weeks, it did not
last for 2 weeks and dropped under the sham levels after
6 weeks of MCAO in our observations (Figures 11–13). It
seemed that NSCs in SGZ after 6 weeks of MCAO escaped
from cell cycle and stayed quiescent. The decreased apoptosis
in SGZ after 20 weeks of MCAO also supports this idea
(Figures 7 and 8). Different from the loss of GC specifically
observed in the ipsilateral GCL, time course changes of NSCs
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were observed in both ipsi- and contralateral sides of SGZ,
suggesting that they were controlled by systemic regulatory
mechanisms such as glucocorticoids released according to
the activation of hypothalamic-pituitary-adrenal (HPA) axis
[49]. GC with condensed cytosol stained by cresyl violet
also tended to increase in both ipsi- and contralateral DG
(see Section 3.3, 2nd paragraph). Together with the apoptotic
loss of the ipsilateral GC, the suppressed neurogenesis of the
bilateral SGZ would also contribute to the aggravation of
anhedonia as a result of response to the psychogenic stressor
triggered by such motor impairments.
4.4. Effects of Antidepressants after MCAO. Because both
IMP and FLV prevented aggravation of anhedonia after 20
weeks of MCAO (Figure 1), we confirmed it was closely
related to PSD. FLV is a SSRI, which primarily increases
serotonin and dopamine together with stimulating sigma-1
receptor [50]. Recent study of Zhang et al. showed decreased
sucrose preference, increased immobility in forced swim
and tail suspension tests, and exacerbated neurological functions with reduced body weight by combining MCAO and
spatial restraint stress in mice [18]. They also showed the
decreased serotonin and dopamine levels in hypothalamus,
hippocampus, and cortex in their PSD mice, which were
reversed by chronic IMP treatment. Thus, PSD is thought to
imply decreased serotonin and dopamine levels in brain with
increased cortisol level in serum.
Based on the results of Bax and Bcl-2𝛼 analysis shown in
Figures 8 and 9, chronic IMP treatment seemed to stimulate
the survival signal rather than suppressing the death signal in
GCL. Neuroprotective effect of antidepressants was suggested
to mediate BDNF-cyclic AMP responsive element-binding
(CREB) protein pathway in a previous report [51], and this
could be one possible molecular mechanism to keep GC alive
by antidepressants after MCAO. Antidepressants including
IMP and FLV are also known to stimulate proliferation
of NSCs in SGZ, thus promoting the increase of adult
neurogenesis [27]. It is understood to be one of the essential
mechanisms for the effects of antidepressants [52]. In fact, our
results in Figures 11–13 showed that IMP tended to stimulate
the proliferation of NSCs, although it did not normalize to the
sham level in MCAO groups in our experimental condition.
Considering our time course data of both apoptosis and neurogenesis with the effect of antidepressants, favorable timing
for the onset of antidepressant treatment on PSD seems to be
within 2 weeks after MCAO, although it should be carefully
examined with considering the species difference between
rodents and humans. Moreover, effects of antidepressants
after establishing anhedonia should be examined in our
future study, because it will clarify whether antidepressants
have therapeutic potency in addition to neuroprotective
effects in our PSD model.

5. Conclusions
Spontaneous aggravation of anhedonia was observed at the
chronic stage in a rat model of transient cerebral focal
ischemia. It associated with the neurodegenerative changes
in the hippocampal dentate gyrus: apoptotic neuronal loss of
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the granular cells and decreased proliferation of the neural
stem cells. They are prevented by chronic administration of
antidepressants. Our study provides new insights into the
pathophysiological mechanisms of poststroke depression and
effective use of antidepressants on it.
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Neuropsychiatric symptoms and mental illness are commonly present in patients with chronic systemic diseases. Mood disorders,
such as depression, are present in up to 50% of these patients, resulting in impaired physical recovery and more intricate treatment
regimen. Stress associated with both physical and emotional aspects of systemic illness is thought to elicit detrimental effects to
initiate comorbid mental disorders. However, clinical reports also indicate that the relationship between systemic and psychiatric
illnesses is bidirectional, further increasing the complexity of the underlying pathophysiological processes. In this review, we discuss
the recent evidence linking chronic stress and systemic illness, such as activation of the immune response system and release of
common proinflammatory mediators. Altogether, discovery of new targets is needed for development of better treatments for
stress-related psychiatric illnesses as well as improvement of mental health aspects of different systemic diseases.

1. Introduction
Stress can be defined as the presence of acute or persistent
physiological or psychological threats to the organism that
results in significant strain on the body’s compensatory systems. Goldstein and McEwen described stress as a condition
where a discrepancy exists between the current or anticipated
perceptions and expected perceptions of the internal or
external environment [1]. Stress is further characterized
by the existence of compensatory responses that generally
deviate from and extend normal physiological regulation in
order to protect the living organism against severe threats and
sustain life.
To date, activation of the hypothalamic-pituitary-adrenal
(HPA) axis has been widely accepted as one of the central
physiological mechanisms involved in stress response. It
is primarily dependent on stimulation of corticotrophinreleasing hormone (CRH) and adrenocorticotropic hormone (ACTH) release from the hypothalamic paraventricular nucleus (PVN) and the anterior pituitary, respectively,
leading to increased production and systemic release of
glucocorticoids from adrenal glands. However, high glucocorticoid levels that are associated with repeated or chronic
stress can also lead to hyperactivation of the HPA axis due

to diminished function of negative feedback mechanisms,
especially within the limbic brain areas that regulate mood
and emotional responses. Moreover, chronic stress is also
accompanied by increased secretion of proinflammatory
cytokines (PICs) that can further impair neuronal transmission and plasticity within these brain circuits; for a more
comprehensive review see [2].
In contrast to coordinated physiological processes that
underlie maintenance of steady state or homeostasis, prolonged psychological or traumatic stress can lead to disruption of cellular and systemic equilibriums resulting in
dysfunction of both the nervous system and peripheral
organ systems. Thus, chronic stress can ultimately lead to
alterations and dysfunction of internal systems that control
stress responses and consequent development of both neurological and psychosomatic illnesses. This concept is further
supported by clinical reports indicating that psychological
stress and systemic disorders are both commonly associated
with adverse impact on mental health and development of
comorbid psychiatric illnesses. Indeed, clinical depression
is present in up to 50% of patients with chronic systemic
conditions (e.g., pain, stroke, cardiovascular disease, obesity,
diabetes, and cancer), much higher than the rate of 5–8%
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in the general population [3–5]. However, despite the abundance of empirical evidence and the well-established link
between different physical disease states and mental illness, the question remains why so many different systemic
disorders are frequently accompanied by deterioration in
mental health. Adaptation to stress or allostasis, a wellknown phenomenon that requires integration of autonomic,
endocrine, and behavioral response systems, most likely plays
an important role in such comorbidities; however, the precise
underlying physiological and biochemical mechanisms are
still poorly understood. Thus, in this review we will discuss
the pathophysiological consequences of chronic stress on the
brain and central nervous system (CNS) with particular focus
on alterations in neural plasticity and function, as well as the
correlation between different systemic illnesses and mental
disorders such as clinical depression.

2. Effects of Chronic Stress on Neural
Mechanisms Involved in Development of
Mood Disorders
2.1. Changes in Neuronal Structure and Function. Clinical
and basic science research has provided strong evidence
that prolonged exposure to psychological stress can lead
to the development of behavioral deficits and psychiatric
illness, especially depression and anxiety. Stress affects the
nervous system and brain as a whole; however, several limbic
areas within the mood-regulating neurocircuitry, such as
the hippocampus and prefrontal cortex (PFC), seem to be
especially vulnerable to chronic stress [6, 7]. The negative
effects of stress have been consistently observed in these
brain structures, especially morphological and molecular
adaptations shown to impair normal neural and glial cell
function (Figure 1). For example, examinations of stressed
brains in rodent models, as well as imaging studies and postmortem analysis of depressed human brains, have revealed
significant atrophy (e.g., reductions in dendritic arborization
and spine density), cell loss, and reduced tissue volume in the
hippocampal and PFC regions [8–16]. Decreased density and
number of glial cells, both astrocytes and oligodendrocytes,
have also been observed in depressed and bipolar brains,
within the dorsolateral PFC, orbitofrontal cortex [17, 18],
and anterior cingulate cortex [10, 19]. Furthermore, stress
was also shown to decrease neurogenesis (i.e., production
of new neurons) in the adult hippocampus. Although the
exact role of neurogenesis in the etiology and maintenance
of depression is still unclear, currently available reports
indicate that neurogenesis is increased by antidepressant
treatments and may be required for development of antidepressant behavioral responses [20–23]. At the molecular and
biochemical levels, stress initially evokes responses such as
increased glucocorticoid release and altered neurotransmitter
activity, followed by glutamatergic excitotoxicity, decreased
neurotrophic support, and diminished synaptic function
[24–26]. With chronic exposure to stress, these initial adjustments may progress into cellular destabilization and morphological changes eventually resulting in dysfunction of both
individual neurons and entire neural networks encompassing
both limbic and cortical brain areas [7].
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2.2. Role of Neurotrophic Factors and Proinflammatory Cytokines. Stress-evoked brain alterations mentioned above may
represent some of the key neuropathological factors underlying development of behavioral deficits and an overall depressive phenotype; however, the exact molecular adaptations
and subsequent cellular remodeling mechanisms are still not
well defined. During the last three decades, a number of
different modulators and intracellular pathways have been
linked to stress responses. A plethora of evidence suggests
that adequate brain levels of neurotrophic factor signaling,
which is involved in neuronal growth, differentiation, and
survival, may have a critical role in both the etiology of mood
disorders and treatment response and, thus, have led to formation of the neurotrophic hypothesis of depression [27–29].
For example, decreased expression levels of brain-derived
neurotrophic factor (BDNF), a member of nerve growth
factor family, and its preferred receptor tyrosine kinase B
(TrkB) were found in the hippocampus and PFC of both
depressed humans and animals exposed to stress [30–32].
In contrast, chronic antidepressant treatments were shown
to increase in vivo BDNF levels [33, 34]. Further studies
also showed that intrahippocampal administration of BDNF
produces antidepressant-like behavioral effects [35], while
actions of chemical antidepressants are attenuated in BDNF
knockout mice [36]. Moreover, actions of BDNF in this
framework also seem to be multifaceted and brain circuitrydependent, as its increased activity within the mesolimbic
dopamine reward pathway (i.e., ventral tegmental area and
nucleus accumbens) results in development of depressivelike behaviors [37]. However, when administered by routes
that impact multiple brain areas and different neuronal circuits (i.e., intracerebroventricular or systemic), BDNF largely
produces antidepressant responses [38, 39]. In addition to
BDNF, a number of recent studies using combinations of in
vivo and in vitro approaches have identified several additional
key neurotrophic factors that are involved in stress processing
and/or antidepressant actions including fibroblast growth
factor 2 (FGF2), neuritin, vascular endothelial growth factor
(VEGF), insulin-like growth factor 1 (IGF-1), and VGF
(nonacronymic); for a more comprehensive review see [7, 23].
Activated immune cells, such as macrophages, Tlymphocytes, and CNS’s microglia, synthesize and secrete
cytokines that function as signaling molecules implicated in
regulation of cellular homeostasis and chronic inflammatory
processes [40]. The idea that immune system activation may
also be associated with stress and depression pathophysiology
(Figure 1) is supported by clinical findings showing elevated
blood levels of proinflammatory cytokines (PICs), primarily
interleukin- (IL-) 1𝛽, IL-6, and tumor necrosis factor alpha
(TNF𝛼), in depressed patients [41, 42]. Likewise, robust
upregulation of genes coding for different inflammatory
cytokines was found in a recent microarray analysis of
depressed PFC [43]. Overall, increased activity of PICs
is thought to contribute to the CNS effects of stress to
induce a depressive phenotype, including symptoms such
as anhedonia and sleeping abnormalities [41]. Additional
evidence linking the negative effects of stress and PICs comes
from recent reports suggesting that stress-induced activation
of IL-1𝛽 leads to inhibition of neurogenesis in animal models

Neural Plasticity

3

(I) Neurological disorders (chronic pain, stroke, etc.)
(II) Cardiovascular disease
(III) GI disorders
(IV) Immune disorders
(V) Other disorders

Psychological
stress

Physiological
stress

(I) Activation of HPA axis
(II) Activation of NLRP3 inﬂammasome and release of IL-1b
(III) Release of other proinflammatory mediators (IL-6, TNF𝛼, etc.)
(IV) Other disorders

Molecular
adaptations

Cellular effects

(I) Glutamate excitotoxicity
(I) Cell atrophy and loss
(II) Loss of neurotrophic support (II) Decreased neurogenesis
(III) Alterations in intracellular (III) Loss of synaptic function
signaling
(IV) Cytoskeletal destabilization
(IV) Alterations in synaptic
proteins

Morphological and
tissue changes
(I) Decreased structure
volume
(II) Decreased neuronal
and glial function
(III) Decreased neural
network connectivity

(I) Behavioral maladaptations and deficits
(II) Depression and other mood disorders
(III) Anxiety
(VI) Other psychiatric disorders and mental health problems

Figure 1: Bidirectional relationship between systemic illness and psychiatric disorders. Physical and/or psychological stress associated with
systemic illness can lead to activation of immune response system resulting in increased local and systemic release of proinflammatory
cytokines. Increased levels of inflammatory mediators in the CNS are potentially key contributors to the damaging cellular and morphological
adaptations that underlie development of comorbid mental illness.
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[44–46]. Specifically, administration of IL-1𝛽 was shown to
suppress cell proliferation within the hippocampal dentate
gyrus subregion, while blockade of IL-1𝛽 signaling was
protective against antineurogenic effects and depressive-like
behaviors caused by stress [44].
2.3. Altered Neuronal Plasticity, Synaptic Dysfunction, and
Synaptogenesis. Recent studies have revealed that stress and
depression are also associated with decreased synaptic function and reduced overall neural connectivity in the PFC and
hippocampus, possibly due to loss of neurotrophic signaling
and glucocorticoid overactivity in these brain areas [47]. Neural processes involved in synaptic plasticity and synaptogenesis (i.e., production of new neuronal synapses) were shown
to be particularly susceptible to stress and may play a critical
role in antidepressant effect [48, 49]. This idea is further
supported by evidence demonstrating that administration of
drugs such as ketamine (a glutamate receptor antagonist)
evokes robust increases in synaptogenesis resulting in a
rapid antidepressant response, even in treatment-resistant
depressed patients [50–52]. Moreover, these rapid actions
of ketamine are contingent upon increased BDNF release
and activation of mammalian target of rapamycin (mTOR)
intracellular pathways, leading to downstream production
of synaptic proteins involved in formation of new dendritic
spines and synaptogenesis [53, 54]. Thus, enhanced synaptic
activity and neural network connectivity, especially within
the PFC, are thought to underlie rapid antidepressant behavioral responses and provide new directions for development
of improved treatment and diagnosis of depression and other
psychiatric illnesses.

3. Comorbidity of Stress-Related Mood
Disorders and Systemic Illness
3.1. Neurological Disorders
3.1.1. Chronic Pain. Chronic pain is commonly associated
with altered mood. Numerous clinical reports indicate the
high prevalence of depression and other psychiatric illnesses
among patients with all types of chronic pain conditions [55–
59]. It is estimated that comorbid depression can be present in
30–50% of clinical chronic pain patients [60]. Although the
physiological mechanisms linking pain and mood disorders
are not clear, recent human and animal studies have demonstrated that pain produces morphological, organizational,
and functional changes in both cortical and subcortical brain
structures [61]. Neuroimaging studies have revealed that
direct pain exposure activates sites within the brain network
(i.e., “pain matrix”) that are responsible for defining cognitive
and emotional aspect of pain and are mostly independent
of sites involved in the sensory pain processing [62–66].
This component of pain-activated neurologic signature [67]
involves primarily limbic neurocircuitry, including brain
areas such as the anterior cingulate cortex, insula, PFC,
amygdala, and hippocampus, and is thought to also help
incorporate aspects such as attention, anticipation, memory,
and empathy into the formation and characterization of
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the overall pain experience and perception [68–71]. However,
in chronic pain states, prolonged nociceptive activation of the
limbic neurocircuitry may also lead to dysfunction of affective pain processing resulting in development of secondary
pathologies including mental illness [72–74]. This idea is
further supported by studies showing a high correlation
between severity of depression and the duration and severity
of pain, number of pain sites, number of pain days, frequency
of breakthrough pain, and general pain-related inhibition in
daily functioning [56, 59, 75–77]. Likewise, additional factors
such as age, gender, level of motor dysfunction, marital status,
and other socioeconomic conditions have been shown to
affect the incidence and severity of pain-related depression
[59, 78, 79]. Other clinical observations further suggest that
the relationship between pain and mood disorders is most
likely reciprocal, as depressed patients commonly experience
increased pain complaints (e.g., headache and stomach pain),
and the perception of endogenous pain stimuli is, in part,
correlated to modality, severity, and duration of pain conditions [80, 81]. Such findings could be explained by the effects
of chronic stress, via elevation of glucocorticoid levels, on
the function of corticolimbic and brainstem structures that
modulate endogenous pain facilitation [82, 83]. Altogether,
these clinical observations suggest potential impairments of
the sensory systems (i.e., ascending and descending paincontrol pathways) in patients with mood disorders, as well as
robust alterations in activity of stress- and mood-regulating
brain areas in chronic pain patients.
Pain- and stress-evoked overactivation and dysfunction
of the HPA axis may, in part, underlie the physiological
and pathological events that link these disease states [84];
however, the exact CNS mechanisms are still unknown. Our
previous findings have indicated that persistent pain causes
cellular and molecular adjustments within the limbic brain
areas similar to those evoked by prolonged stress. Specifically,
we found robust decreases in neurotrophic factors signaling
(e.g., BDNF) and diminished rate of neurogenesis in the
hippocampus of animals exposed to 21 days of peripheral,
inflammatory nociception [85–88]. Similar findings were
also more recently observed in animal models of neuropathic pain, where pain-evoked decreases in hippocampal
neurogenesis and synaptic deficits were linked to anxietylike behaviors and deficits in learning and memory [89]. At
the molecular level, neuropathic pain also evokes increased
expression of PICs in the brain, which is thought to contribute
to the development of depressive-like behaviors [90, 91].
Likewise, pain-related development of allodynia is correlated with sustained elevation of hippocampal PICs, specifically IL-1𝛽 and IL-6 [92]. Furthermore, these initial painevoked increases in IL-1𝛽 were shown to be dependent on
ATP signaling and P2X7 receptor activation, which suggest
involvement of microglial cells in supraspinal pain processing
[93, 94]. This notion is supported by a recent study showing
that neuropathic pain causes increases in activated microglia
within the reward neurocircuitry leading to disruption of
dopamine-mediated reward behavior [95]. In total, these
preclinical reports indicate that neural mechanisms linking
pain and mood alterations may be dependent on induction
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of neuroinflammation within the brain structures involved in
regulation of emotional states and pain perception.
3.1.2. Substance Use Disorders and Alcoholism. Large-scale
epidemiological studies have also revealed a high extent of
comorbidity between substance abuse and mood disorders
[96–98]. There is a near-twofold increase in the lifetime
prevalence of depression in individuals with a substance
use disorder (SUD), and vice versa, reflecting the reciprocal
nature of these disorders.
Several mechanisms have been proposed to underlie
the high cooccurrence of SUD and mood disorders [99].
First, mood disorders and SUD may be risk factors for
each other due to their negative pathological effects. In the
case of alcoholism, which includes both alcohol abuse and
dependence, excessive consumption of alcohol can cause
negative emotional and social problems. Conversely, those
suffering from mood disorders may seek alcohol and/or
other drugs of abuse as self-medication to cope with their
stress and anxiety symptoms, resulting in a higher risk of
developing alcoholism and/or drug addiction. Furthermore,
there may exist overlapping neural circuits that are targets of
pathological manifestations of both SUD and stress. Recent
neural imaging studies have revealed that both patients with
substance dependence and mood disorders exhibit increased
activation in certain regions of the brain’s reward system
during performance of emotional and reward-processing
task; for a more comprehensive review see [100]. Finally, common genetic factors may also contribute to the cooccurrence
[101, 102]. This idea is supported by a recent study showing
that simultaneous treatment of clinically depressed alcoholic
patients with both a selective serotonin reuptake inhibitor
(SSRI) and an opioid antagonist (i.e., for alcohol dependence)
produces a greater therapeutic effect [103]. Overall, such
findings suggest that comorbidity of mood disorders and
SUD require development of treatment strategies that address
both disorders, preferably through combining psychosocial
treatment with pharmacotherapy.
3.1.3. Stroke. Different types of psychiatric disorders are
commonly observed following stroke, including depression,
anxiety, emotional incontinence, delusions, and hallucinations [104]. Poststroke depression (PSD) is the most frequent
neuropsychiatric complication after stroke, affecting approximately 30–50% patients within the first year of recovery
[104–106]. PSD not only was shown to impact cognitive
function and mental health but also impairs rehabilitation
progress and functional motor recovery in stroke patients.
PSD is also associated with increased risk of suicide and
increased mortality; however, it is frequently undetected and
remains untreated [107–110]. The pathophysiology of PSD
has been shown to be multifactorial, including aspects of
neuroanatomical size, location and number of lesions, stroke
subtype and severity, social difficulties, family support, and
overall stroke burden [104]. Moreover, emerging evidence
suggests that risk factors contributing to the vulnerability to
depression involve neuroanatomical alterations (e.g., smaller
amygdala), disruption of basal ganglia-prefrontal pathways,
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and cerebrovascular impairments, such as hypertension,
atherosclerosis, and hyperlipidemia [111–114]. In addition to
these factors, preexisting depression is another independent
risk factor for stroke development and recurrence, indicating
a reciprocal association between these disease processes [115,
116]. Overall, the association between stroke and depression
is well documented; however, the etiology of PSD is highly
complex and remains poorly understood.
3.1.4. Alzheimer’s Disease. Several meta-analyses have linked
a history of clinical depression or depressive-like symptoms
with Alzheimer’s Disease (AD) [117–120]. Specifically, latelife depression appears to be a significant risk factor for
future development of AD [121–123]. Similarly, patients with
a history of depression prior to the diagnosis of AD are more
likely to experience new depressive episodes throughout the
course of AD [124, 125] and the corresponding depressive
symptoms tend to worsen with progression of the disease
[126]. Although there is significant clinical evidence supporting this comorbidity between depression and AD, very
little is understood about the neural mechanisms linking the
two disease states. Recent studies show that rodent models
of AD do exhibit depressive-like behavioral deficits such
as helplessness, indicated by prolonged immobility in the
forced swim test [127]. Furthermore, at the molecular level,
decreased BDNF mRNA expression and protein levels were
found in the postmortem AD brains, especially within the
areas linked to depression pathophysiology such as the hippocampus and frontal cortex [128–131]. These observations of
depleted growth factor levels in the AD brains are similar to
previous findings in depressed brains and may underlie the
progressive cell death and neurodegeneration characteristic
to both illnesses. Thus, overall lack of neurotrophic support
in key brain areas may represent one common pathogenic
mechanism linking AD and depression.
Numerous studies also report altered levels of various
cytokines in the peripheral circulation of AD patients [132–
134]. More importantly, general patterns of rise in the serum
levels of several PICs, including IL-1𝛽, TNF𝛼, and IL6, observed in AD patients [133, 135] are very similar to
increases in circulating levels of proinflammatory cytokines
in depressed patients [136, 137]. Interestingly, in patients with
comorbid AD and depression, blood PIC levels are even more
elevated [138]. Moreover, these peripheral immune studies
are seemingly corroborated by genetic studies investigating
the involvement of alleles associated with higher production
of PICs in a sample of elderly patients with AD and depression
[139]. In sum, besides alterations in growth factor activity
within the brain, changes in the activation of peripheral
immune system may signify another pathogenic mechanism
linking clinical features of AD and various mood disorders,
including depression.
3.2. Cardiovascular Disease (CVD). Cardiovascular health is
influenced by many factors. Traditionally, the major risk factors for cardiovascular disease are high blood pressure, high
blood lipids, diabetes, and family history. However, other
risk factors have recently emerged to predict cardiovascular
health, especially ones that include lifestyle choices (e.g.,
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exercise and nutrition). Moreover, emerging research has
identified chronic stress as another important risk factor for
development of cardiovascular disease. This idea is supported
by a number of clinical studies that have established a strong
link between prolonged exposures to psychological stress
and increased incidences of stroke, myocardial infarction,
atherosclerosis, and coronary artery disease [140–145].
The risk for myocardial infarction (MI) can also be
significantly increased by previous exposures to psychological stressors, as demonstrated by the INTERHEART study
[141]. In the Nurse’s Health Study 2 respondents suffering
posttraumatic stress disorder (PTSD, by the clinical definition) were shown to have a 60% enhanced risk of MI
or stroke [145]. Furthermore, this study also found the
presence of additional behavioral risk factors (e.g., smoking
and sedentary lifestyle) among subjects at highest risk of
MI. The relationship between chronic stress and behavioral
risk factors has also been shown in other cohorts [146,
147]. For example, chronic stress is associated with poor
food choices, leading to obesity and metabolic disorders,
which are independent risk factors for CVD. A recent study
by Bergmann and colleagues examined the role of chronic
stress on the development of the metabolic syndrome, a
constellation of disorders including obesity, high blood pressure, hyperglycemia/insulin resistance, and hyperlipidemia
[148]. Interestingly, the energy homeostasis was shown to be
significantly impaired in stressed animals in comparison to
control animals when both were fed a high-fat diet. Stressed
animals on high-fat diet also exhibited altered levels of leptin,
the “satiety hormone” previously shown to have the capability
to change the activity of specific brain regions, including
those involved in control of sympathetic outflow and regulation of stress responses [149–151]. Moreover, presence
of stress-related hyperglycemia has also been documented
and implicated in increased activation of proinflammatory
signaling and promotion of oxidant stress [152, 153].
Recent human and animal studies have further demonstrated that stress can also lead to the development of vascular
dysfunction resulting in a predisposition to CVD [154–157].
In addition, both acute and chronic stressors have been
shown to impair vascular reactivity. Although the exact
mechanism and effect seem to be dependent on the type of
the stressor and/or the model, there is evidence to suggest
that reduced vascular dilation and enhanced constriction
may play an important role [156, 157]. In humans, acute
psychological stress reduces the magnitude of flow-mediated
dilation of the brachial artery, a measure of the reactivity
of the peripheral vasculature that is thought to be the
result of altered nitric oxide handling [154]. Furthermore,
in the Takotsubo syndrome, an acute coronary condition
usually resulting from an exposure to a major emotional or
physical stressor, a reaction is triggered that mimics coronary
artery disease, which is suggested to be a result of increased
sympathetic activity leading to impaired coronary vascular
reactivity [158]. Animal studies have also shown changes
in coronary hemodynamics as a result of psychological
stress. For example, studies in dogs have demonstrated that
psychological stress can reduce coronary blood flow, resulting
in electrocardiographic changes resembling an acute MI, and
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an enhanced risk for arrhythmias, possibly through alterations in the effective refractory period [159, 160]. Similarly
to chronic stress, a number of recent studies have linked
depression to peripheral arterial disease [161], coronary artery
disease [162], MI/stroke [163, 164], heart failure [165–167],
and hypertension [168, 169], suggesting that depression,
perhaps as a result of sustained stressors, can also have a
major impact on cardiovascular health.
In both clinical and preclinical studies, chronic stress has
been shown to increase proinflammatory signaling cascades
and reactive oxygen species, enhance vasoactive agents (e.g.,
endothelin-1 and angiotensin II), and activate both the HPA
axis and sympathetic nervous system activity, while reducing
the activity of vasodilators (i.e., nitric oxide) and abrogating
the activity of the parasympathetic nervous system. Sympathetic activity is also increased with stress, mainly due
to enhanced neuronal discharge from the paraventricular
nucleus of the hypothalamus and the rostral ventrolateral
medulla, leading to overactivation of sympathetic preganglionic neurons [170, 171]. Additionally, neurohumoral factors including angiotensin II are also increased in chronic
stress [172, 173]. Angiotensin II is linked to cardiovascular
disease through direct vasoconstriction, altered salt and water
excretion from the kidney, and cellular remodeling. Moreover, angiotensin II can perpetuate the proinflammatory state
through activation of nuclear factor- (NF-) 𝜅B, among other
transcription factors [174–177].
3.3. Gastrointestinal Disorders. Gastrointestinal (GI) disorders are often associated with stressful symptoms including chronic abdominal pain, severe diarrhea, and changed
bowel habits. Some of the major functional/structural GI
disorders, such as the inflammatory bowel disease (IBD), are
characterized by chronic inflammation of the digestive tract;
however, there are no identifiable anatomic or biochemical
abnormalities that can be attributed to the symptoms. In
addition to the symptoms of physical illness, patients with
GI disorders commonly exhibit mental health problems and
are often diagnosed with psychiatric illness. Depression and
mood disorders are among the most common psychiatric
comorbidities with a much higher prevalence than the
general population [178]. The Manitoba IBD cohort study
reported a lifetime depression rate of 27% in IBD patients
compared to 12% in healthy controls [179]. Similarly to other
systemic illnesses, the relationship between mood and GI disorders appears to be bidirectional. Patients with depression
have been found to have a significantly higher frequency of
IBS and at greater risk for subsequent development of GI
symptoms [180].
Potential mechanisms linking GI and mood disorders
include, but are not limited to, alterations in brain regions
involved in emotion regulation, gut-brain axis, HPA axis,
and proinflammatory signaling. There is increasing evidence
suggesting a bidirectional communication between the gutresiding microbiota/microbiome and the brain [181, 182].
This interaction has been demonstrated in animal models
where perception of stress by the brain was shown to
reduce the diversity of the microbiota in the gut [183] and,
in turn, the microbiome also influences stress responses
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and depressive behaviors through modulating brain activity
[184]. Recent clinical studies further support this relationship as chronically depressed patients were shown to have
increased plasma levels of immunoglobulins (Ig), especially
IgA and IgM, indicating enhanced immune responses against
lipopolysaccharides (LPS) of different commensal Gramnegative bacteria [185, 186]. This type of systemic activation
of IgA/M-mediated inflammatory response system (IRS) suggests that greater permeability of the gut wall (i.e., “leaky gut”)
and enhanced bacterial translocation may signify additional
phenomena that can play important roles in development
of both sickness behavior symptoms and pathophysiology of
chronic depression [187].
At the molecular level, multiple genetic factors may
contribute to the comorbid occurrence of mood and GI
disorders, including polymorphisms of BDNF and serotonin
transporter genes [188, 189]. It is also worth noting that in
female IBS patients enhanced tryptophan degradation has
been detected, which results in depletion of tryptophan, the
precursor for serotonin synthesis [190]. Thus, it is plausible
that hypofunction of serotonin links IBS with depression.
Moreover, symptoms associated with physical aspects of
GI disorders, such as chronic pain and inflammation, may
also serve as risk factors for development of depression.
Conversely, mood disorders in turn can adversely affect the
course of GI disorders as well as the treatment outcomes.
More effective treatments, aimed at breaking this vicious
circle, are needed with the intention to mitigate the comorbid
mood disorders simultaneously [191]. These treatments, both
pharmacotherapy (e.g., antidepressants) and psychotherapy,
should demonstrate effectiveness in the context of depression
cooccurring with GI symptoms.
3.4. Obesity and Metabolic Disorders. In addition to the
above-mentioned disorders, systemic activation of innate
immune processes has been linked to a range of different
factors that represent potential risks for comorbid depression
including psychosocial stressors, daily practices, and lifestyle
choices (i.e., lack of exercise and physical activity, sleep deprivation, smoking, poor diet, etc.) as well as pathological states
such as obesity and metabolic disorders; for a more comprehensive review see [187, 192]. Obesity is usually linked to poor
dietary habits and currently represents a significant public
health and medical concern in terms of both prevalence and
related secondary physical illnesses, respectively [193–195].
Obesity is also associated with cognitive deficits and number
of comorbid mood disorders. More specifically, obesity and
depression seem to be correlated in a bidirectional manner,
as clinical studies have shown that obesity predisposes to
the development of clinical depression, while depression can
significantly increase the risk of developing obesity [187,
196, 197]. Moreover, obesity is thought to induce a state of
systemic low-grade inflammation characterized by increased
production of PICs that promote development of other
disorders including diabetes, cardiovascular dysfunction,
and psychiatric illnesses [198]. Indeed, adipose tissue contributes to development of systemic inflammation through
the release of adipokines such as proinflammatory leptin
and predominantly anti-inflammatory adiponectin [199].
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Thus, controlling the release and activity of these adipokines
is essential for maintenance of energy balance and overall
homeostasis. Moreover, clinical studies have shown that
obesity is associated with a reduction in adiponectin, which
potentially underlies the development of type 2 diabetes
(T2D), hypertension, and atherosclerosis [200]. The exact
actions of these circulating metabolic regulators on CNS and
brain function are still being investigated; however, several
recent studies have linked alterations in central metabolic
mechanisms with systemic dysregulation [201]. Additional
factors including dysbiosis and excessive nutrient intake
as well as different “disease clusters,” such as metabolic
syndrome (MetS) and polycystic ovarian syndrome (PCOS),
have also been associated with proinflammatory processes
leading to obesity, metabolic dysregulation, and impaired
innate immunity [202–206]; however, further research is
necessary to determine how these processes and pathological
states influence chronic psychological dysfunction and psychiatric illnesses.

4. Role of Inflammatory Processes in
Linking Stress and Systemic Illness
Based on the clinical and preclinical evidence discussed so
far, the elucidation of the precise mechanisms underlying
how psychological and physical stressors can influence the
CNS and peripheral organ systems as well as the development
of systemic diseases remains unsolved. A recently proposed
immune-inflammation based hypothesis of depression and
related comorbid systemic illnesses may help answer this
question [5]. This hypothesis suggests that an inflammasome
protein complex and related inflammatory reactions are the
main driving force underlying the reciprocal/bidirectional
relationship between the psychological stress-related psychiatric illness and comorbid systemic disease (Figure 2).
The idea that psychological and physiological stressors
can stimulate inflammatory cytokine activity, leading to
neuronal dysfunction and ensuing development of psychiatric illness such as MDD, has been promoted for over 30
years [207, 208]. Although exact physiological and molecular
pathways are not fully understood, recent findings have
demonstrated/indicated bidirectional/reciprocal communication between neuroendocrine and immune systems [209].
As previously mentioned, several meta-analysis studies have
provided strong evidence that depression is accompanied
by alterations in immune system function and activation of
inflammatory response system (IRS) as increased levels of
PICs (i.e., IL-1𝛽, IL-6, and TNF𝛼) were found in the blood
of depressed patients [210, 211]. In contrast, serum levels
of these cytokines are normalized by treatments with tricyclic antidepressants (TCAs) and SSRIs [212]. Furthermore,
increased levels of PICs (i.e., IL-1𝛽 and TNF𝛼) were also
found in brain tissue after exposure to psychological stressors,
an observation consistent with their role as potent activators
of the HPA axis, which is commonly dysregulated in mood
disorders [213, 214]. For example, approximately two-thirds
of patients suffering from depression exhibit elevated cortisol
levels [215]. At the cellular level, cytokines are involved in
release of different stress hormones implicated in HPA axis
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Figure 2: Role of microglia and inflammasome complex in development of inflammatory responses. Systemic disorders and pathological
states can induce activation of microglial cells leading to a local release of proinflammatory cytokines (PICs). This process includes stimulation
of microglial P2X7 receptors and downstream activation of the NLRP3 inflammasome. Consequent systemic increases in circulating PICs
may signify one of the fundamental mechanisms responsible for initiation of molecular and functional alteration within the CNS that underlie
development of mental illness. Interleukin (IL), tumor necrosis factor alpha (TNF𝛼), reactive oxygen species (ROS), NOD-like receptor family,
pyrin domain containing 3 (NLRP3), apoptosis-associated speck-like protein containing a CARD (ASC), N-methyl-D-aspartate receptor
(NMDAR), and purinergic type 2X7 (P2X7).

activity, primarily the CRH and ACTH [216, 217]. Moreover,
enhanced activation of these cytokines has been linked with
sickness behaviors in animal models and mood alterations,
such as dysphoria and anxiety, that resemble behavioral
symptoms of depression in humans [209]. Commonly, the
release of these proinflammatory cytokines transpires as a
result of activation of the innate immune system defense
mechanisms in response to the presence of potentially
survival-threatening pathogenic molecules and/or an array of
danger signals [5]. In line with this idea, preclinical studies
have identified IL-1𝛽 as a critical mediator of stress-induced
behaviors. Several lines of empirical evidence support this
notion: (1) stress was shown to increase hippocampal IL1𝛽 levels, (2) IL-1𝛽 robustly suppresses hippocampal cell
proliferation, and (3) genetic deletion or pharmacological

blockade of IL-1𝛽 receptor completely protects against damaging effects of stress and development of depressive-like
behaviors [44]. In addition, these IL-1𝛽-related prodepressive
effects are thought to occur through activation of the NF-k𝛽
signaling pathway [218].
Recent mechanistic studies have identified toll-like receptors (TLRs) as key contributors to the recognition and initiation of an immune response in the presence of pathogenic
molecules leading to increased gene transcription and release
of IL-1𝛽, IL-6, and TNF𝛼 [219, 220]. Moreover, the induction and final release of mature IL-1𝛽 protein also entail
cleavage from inactive pro-IL-1𝛽 form. This process was
shown to be dependent on stimulation of the ATP purinergic
type 2X7 (P2X7) receptors and downstream activation of
the NLRP3 inflammasome complex that includes caspase-1,
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an enzyme responsible for cleavage of pro-IL-1𝛽 (Figure 2)
[221–224]. In the CNS, the NLRP3 inflammasome is constitutively expressed in microglial cells which are present throughout the brain, especially in the hippocampus, a moodregulating area susceptible to chronic stress [5]. Finally, the
recently proposed idea that activation of NLRP3 inflammasome is the central mechanism linking systemic illness and
comorbid mood disorders is further supported by observations that a number of different neurological, cardiovascular,
metabolic, and inflammatory diseases have been associated
with NLRP3 and elevated IL-1𝛽 release; for a more comprehensive review see [5]. Altogether, these findings suggest that
inflammatory cytokines and NLRP3 inflammasome may act
as key neuromodulators in neurochemical and physiological
alterations that underlie development and maintenance of
behavioral deficits associated with both mood disorders and
systemic illnesses.

5. Conclusions
Significant amounts of evidence from human and animal
research have demonstrated that psychological and/or physical stress is a powerful driving force behind both the
pathophysiology of and comorbidity between psychiatric and
systemic disorders. Stress-related detrimental modifications
in structure, organization, and function of CNS may, in
part, explain the coincidence and comorbidity between these
pathological states. This concept is further supported by
clinical observations showing that mood disorders, such as
depression, are some of the most prevalent and debilitating
psychiatric illnesses associated with other systemic disorders.
Recent findings point towards the immunoinflammatory
system as a key endogenous response mechanism involved
in this elusive, bidirectional interaction between stress and
illness; however, further studies are needed to reveal the
exact pathophysiological mechanism(s) involved. Nonetheless, the question remains whether the mental health (e.g.,
behavioral/mood deficits) should be addressed as part of the
standard treatment of systemic disease. Future studies may
link different areas of biomedical sciences and open new
research avenues that may ultimately identify novel clinical
strategies for improved management of systemic illness by
also improving the mental health aspects of these disorders.
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Clinical studies on patients with stress-related neuropsychiatric disorders reported functional and morphological changes in brain
areas where glutamatergic transmission is predominant, including frontal and prefrontal areas. In line with this evidence, several
preclinical works suggest that glutamate receptors are targets of both rapid and long-lasting effects of stress. Here we found
that acute footshock- (FS-) stress, although inducing no transcriptional and RNA editing alterations of ionotropic AMPA and
NMDA glutamate receptor subunits, rapidly and transiently modulates their protein expression, phosphorylation, and localization
at postsynaptic spines in prefrontal and frontal cortex. In total extract, FS-stress increased the phosphorylation levels of GluA1
AMPA subunit at Ser845 immediately after stress and of GluA2 Ser880 2 h after start of stress. At postsynaptic spines, stress induced a
rapid decrease of GluA2 expression, together with an increase of its phosphorylation at Ser880 , suggesting internalization of GluA2
AMPA containing receptors. GluN1 and GluN2A NMDA receptor subunits were found markedly upregulated in postsynaptic
spines, 2 h after start of stress. These results suggest selected time-dependent changes in glutamatergic receptor subunits induced
by acute stress, which may suggest early and transient enhancement of AMPA-mediated currents, followed by a transient activation
of NMDA receptors.

1. Introduction
Stress can be defined as any condition that perturbs the physiological homeostasis [1]. A stressful event rapidly activates
both the hypothalamic-pituitary-adrenocortical axis, leading
to secretion of glucocorticoids (mainly cortisol in humans,
corticosterone in rats), and the autonomic nervous system,
which releases catecholamines (noradrenaline, adrenaline).
The stress response is physiologically proadaptive, when

efficiently turned on and then shut off, but may became maladaptive, particularly in subjects with a genetic background
of vulnerability or when the stressful stimulus is chronic or
overwhelming [2, 3].
The prefrontal cortex (PFC), a region involved in working memory, decision-making, and behavioral flexibility, as
well as in social interaction and emotional processing, is a
main target of the stress hormones [4–6]. A large body of
literature has consistently shown that the fast response to
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stress involves increased attention, vigilance, and improved
PFC-mediated cognitive performance, mainly mediated
by potentiation of glutamate transmission [7–9]. Indeed,
acute stress and glucocorticoids rapidly modulate glutamate
release and excitatory synaptic transmission in PFC [8,
10–12]. In particular, it has been shown that acute stress
induces a rapid and transient enhancement of N-methyl-Daspartic acid- (NMDA-) and 𝛼-amino-3-hydroxy-5-methyl4-isoxazolepropionic acid- (AMPA-) receptor-mediated currents in PFC in juvenile rats, together with increasing the
surface expression of AMPA and NMDA receptor subunits
[10, 11].
Taken together, these data strongly suggest that the enrichment, localization, and posttranslational modifications,
as well as posttranscriptional and translational regulations
of glutamate receptors, may be involved in the neuronal
response to behavioral stress.
In this study, we exposed adult male rats to acute footshock- (FS-) stress and investigated time-dependent modifications of AMPA and NMDA receptor subunits mRNA
and protein expression, RNA editing, and posttranslational
regulation. The analyses have been performed in the prefrontal and frontal cortex (PFC/FC) at different time points
(immediately after the 40 min of stress and 2 hours and 24
hours after stress start), to monitor the early and delayed
effects of acute stress on the regulatory mechanisms of
ionotropic glutamate receptors.
The results provided here indicate that exposure to
acute stress causes transient and time-dependent subunitspecific changes in glutamate receptor, in line with previously
observed adaptive modifications of excitatory synaptic transmission in the PFC/FC.

2. Materials and Methods
2.1. Footshock Stress Procedure. All experimental procedures
involving animals were performed in accordance with the
European Community Council Directive 86/609/EEC and
were approved by the Italian legislation on animal experimentation (Decreto Ministeriale 116/1992). Experiments were
performed with adult male Sprague-Dawley rats (275–300 g).
Rats were housed two per cage and maintained on a 12/12 h
light/dark schedule (lights on at 7:00 am), in a temperature
controlled facility with free access to food and water. The
experiments were performed during the light phase (between
9:00 and 12:00 am), at least one week after arrival from
the supplier (Charles River, Wilmington, MA, USA). The
footshock- (FS-) stress protocol was performed essentially as
previously reported (40 min FS-stress: 0.8 mA, 20 min total of
actual shock with random intershock length between 2 and
8 sec) [8, 12, 13]. Sham-stressed rats (controls) were kept in
the stress apparatus without delivering of shocks. Rats were
killed by decapitation at different time points (10 rats/group):
immediately after the stress session (𝑡 = 0) and 2 or 24 h after
stress start. The 2 and 24 h groups were left undisturbed in
their cages after the 40 min stress session. Sham-groups were
prepared at each time point, as specific controls for respective
stressed groups.
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The whole frontal lobe, referred to as PFC/FC, was quickly
dissected on ice and right and left hemiareas were randomly
assigned to RNA extraction or postsynaptic spine membranes
(triton insoluble fraction; TIF) purification.
Serum corticosterone levels were measured using a commercial kit (Corticosterone ELISA kit, Enzo Life Sciences,
Farmingdale, NY, USA).
2.2. RNA Extraction and Retrotranscription. Samples from
PFC/FC of each animal were homogenized, and total RNA
was extracted using TRIZOL reagent (Life Technologies,
Milano, Italy). RNA was recovered by precipitation with
isopropyl alcohol, washed with a 75% ethanol solution,
and dissolved in RNase-free water. RNA quantification and
quality controls were carried out using both spectrophotometric analysis and AGILENT Bioanalyzer 2100 lab-on-achip technology (AGILENT Technologies, Santa Clara, CA,
USA). Reverse-transcription (RT) was done using Moloney
murine leukemia virus-reverse transcriptase (MMLV-RT)
(Life Technologies). Briefly, 2.5 𝜇g of total RNA from each
sample was mixed with 2.2 𝜇L of 0.2 ng/𝜇L random hexamers,
10 𝜇L of 5x buffer, 10 𝜇L of 2 mM dNTPs, 1 𝜇L of 1 mM DTT,
0.4 𝜇L of 33 U/𝜇L RNaseout, and 2 𝜇L MMLV-RT (200 U/𝜇L)
in a final volume of 50 𝜇L. The reaction mix was incubated at
37∘ C for 2 h and the enzyme was then heat inactivated at 95∘
for 10 min.
2.3. Quantitative Real-Time PCR and RNA Editing Quantification. RNA expression pattern of the glutamate receptors was
analyzed by means of an Applied Biosystems 7500 Real-Time
PCR system (Applied Biosystems, Foster City, CA, USA).
PCR was carried out by using TaqMan Universal PCR Master
Mix (Applied Biosystems). 25 ng of sample was used in each
real-time PCR reaction (TaqMan Gene Expression Assay
id probes: GluA1: Rn00709588 m1; GluA2: Rn00568514 m1;
GluN1: RN01436038 m1; GluN2A: Rn00561341 m1; GluN2B:
Rn00561352 m1, Applied Biosystems). The expression ratio
of target genes in treated sample groups, compared to
control group, was calculated using the ΔΔCt method and
H2AFZ, GAPDH, and PolII geometric mean as reference
(ID H2AFZ TaqMan probe: Rn00821133 g1; ID GAPDH:
Rn99999916 m1; ID PolII: Rn00580118 m1). Each individual
determination was repeated in triplicate. The quantification
for AMPA receptor subunits GluA2 Q/R and GluA2, GluA3,
and GluA4 R/G editing levels were measured by sequence
analysis as previously described [14, 15].
2.4. Protein Extracts and Western Blotting. PFC/FC were
homogenized in 0.32 M ice-cold sucrose containing 1 mM
HEPES, 1 mM MgCl2 , 1 mM EDTA, 1 mM NaHCO3 , and
0.1 mM PMSF, at pH 7.4, 2 mg/mL of protease inhibitor cocktail (Thermo scientific, Rockford, IL, USA), and phosphatases
inhibitors (Sigma-Aldrich, Milan, Italy), pH 7.4. 200 𝜇L of
homogenate was aliquoted and immediately frozen.
Triton-X-100 insoluble fractions (TIF) were purified as
previously reported [12]. The homogenized tissue was centrifuged at 1000 ×g for 10 min. The resulting supernatant (S1)
was centrifuged at 3000 ×g for 15 min to obtain a crude

Neural Plasticity

3
Table 1: Corticosterone serum levels.

Control
FS-stress

𝑡=0
60.32 ± 13.06 (𝑛 = 10)
308.30 ± 23.30∗∗∗ (𝑛 = 10)

2h
11.85 ± 3.82 (𝑛 = 11)
57.20 ± 17.34∗∗∗ (𝑛 = 11)

24 h
21.53 ± 6.93 (𝑛 = 9)
53.63 ± 13.41 (𝑛 = 9)

Data are expressed as ng/mL and reported as mean ± SE. ∗∗∗ 𝑝 < 0.001.

membrane fraction (P2 fraction). The pellet was resuspended
in 1 mM HEPES and centrifuged at 100,000 ×g for 1 h. The
pellet (P3) was resuspended in buffer containing 75 mM KCl
and 1% Triton-X-100 and centrifuged at 100,000 ×g for 1 h.
The supernatant was stored and referred to as Triton-X100-soluble fraction (TSF) (S4). The final pellet (P4) was
homogenized in 20 mM HEPES. Then, an equal volume of
glycerol was added, and this fraction, referred to as TIF, was
stored at −80∘ C until processing.
The BCA protein concentration assay (Sigma-Aldrich,
St. Louis, MO, USA) was used for protein quantitation.
Before electrophoresis, each sample was incubated at 75∘ C
for 10 min. Equal amounts of proteins were applied to precast
SDS polyacrylamide gels (4–12% NuPAGEBis-Tris gels; Life
Technologies, Milan, Italy), and proteins were electrophoretically transferred to a Hybond-P PVDF Transfer Membrane
(GE Healthcare Life Science), for 2 h at a 1 mA/cm2 of
membrane surface. Membranes were blocked for 60 min
with 3–5% nonfat dry milk or 5% BSA in TBS-T (Trisbuffered saline with 0.2% Tween-20, Sigma-Aldrich, Milan,
Italy). Immunoblotting was carried out overnight at 4∘ C with
specific antibodies against phosphoSer831 -GluA1 (1 : 1000,
cod. ab109464, Abcam, Cambridge, UK), phosphoSer845 GluA1 (1 : 1000, cod. ab3901, Abcam), and phosphoSer880 GluA2 (1 : 1.000, cod. Ab52180, Abcam). Immunoblotting was
also carried out on the same stripped membranes with antibodies against total GluA1 (1 : 200, cod. AGC004, Alomone
Labs, Jerusalem, Israel) and GluA2 (1 : 2500, cod. AGC005,
Alomone) in blocking buffer. Primary antibodies were used
to detect GluN1 (1 : 500, cod. AB9864, Millipore, Billerica, MA, USA), GluN2A (1 : 500, AB1555P, Millipore), and
GluN2B (1 : 500, cod. 454582, Calbiochem-Millipore). Mouse
monoclonal anti-GAPDH (1 : 40.000, cod. Mab374, Millipore) or rabbit monoclonal anti-𝛽-Actin (1 : 3000, cod.041116, Millipore) were used as internal controls. Membranes
were washed five times with TBS-Tween-20 0.2% and incubated for 1 h at room temperature with AP-conjugated
secondary antibodies (Promega, Milan, Italy). Immunolabeled proteins were detected by incubation with Supersignal
West Pico Chemiluminescent Substrate (Pierce, Rockford,
IL, USA) or CDPStar (Roche Applied Science) detection
reagents and then exposed to imaging film. Prestained Novex
Sharp Protein Standards (Life Technologies) were used as
molecular weight standards loaded on the same gel. The
intensity of immunoreactive bands was analyzed with ImagePro Plus. Data are presented as optical density ratios of the
investigated protein band normalized for GAPDH or 𝛽-Act
bands in the same line and are expressed as percentage of
controls. The levels of GluA phosphorylated subunits were

normalized to total GluA levels, based on previous reports
[16, 17].
2.5. Data Analysis. All the analyses were carried out in
individual animals (independent determinations).
Preliminary data inspection showed a fairly constant
coefficient of variation among groups, as well as a multiplicative effect on the mean. Therefore, we modeled data using
a gamma regression model with log-link (via Generalized
Linear Models, GLM [18]), with treatment (stress, control),
time, and their interaction as predictors. Where needed, a
robust Generalized Linear Model was used to account for
potential outliers. Due to some additional heteroskedasticity
in corticosterone levels between groups, tests were performed
using “sandwich” robust standard error estimates. Data in
the text are reported as estimated fold changes (FC) and
95% confidence intervals (CI 95%). The interaction between
treatment and time (treatment-×-time) was considered the
main effect of interest, as it indicates a differential effect on
stressed versus control groups during time. Pairwise contrasts 𝑝 values between groups were adjusted by Bonferroni
Post Hoc Test (reported as 𝑝adj ). Statistical significance was
assumed at 𝑝 < 0.05.
For simplicity, data on graphs are represented as estimated group mean values + standard errors of the means
(SEM). Stressed groups are represented as percentage of
controls at each time point. Statistical analysis was carried out
by using 𝑅 [19].

3. Results
3.1. Corticosterone Levels. To test the efficacy of the stress
protocol, we evaluated plasma corticosterone levels in all the
animals. As expected, the FS-stress procedure markedly and
transiently increased serum corticosterone levels as shown in
Table 1.
We observed a significant increase in corticosterone levels
in stressed animals sacrificed immediately after the stress
session (𝑡 = 0 FC = 5.11, CI 95% = 2.42–10.77, 𝑝adj < 0.001),
with a relatively slow decrease in the following time points
(2 h FC = 4.83, CI 95% = 2.19–10.64, 𝑝adj < 0.001; 24 h FC =
2.49, CI 95% = 0.84–7.39, 𝑝adj = 0.13).
3.2. Acute Stress Does Not Induce Any Alteration in Transcriptional Levels and Editing of Ionotropic Glutamate Receptors. mRNA expression analysis of glutamate receptor subunits showed no changes in transcript levels, at the
three time points analyzed (see Supplemental Figure 1 in
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Supplementary Material available online at http://dx.doi.org/
10.1155/2016/7267865). Furthermore, no alterations were
observed for Q/R and R/G editing sites of GluA2, GluA3, and
GluA4 AMPA subunits (Supplemental Figure 2).
3.3. Modulation of AMPA Receptor Subunits Expression and
Phosphorylation Induced by Acute Stress. To assess timedependent changes induced by acute stress in glutamate
receptor subunits expression, Western blot analyses for
AMPA and NMDA receptor subunits were performed on
PFC/FC total homogenates and purified postsynaptic spine
membranes (TIF) of rats subjected to acute FS-stress and
sacrificed at the different time points.
In total PFC/FC homogenate, no significant effects of FSstress were found on the total expression of GluA1 and GluA2
AMPA receptor subunits at different time points (GluA1:
interaction term, 𝑝 = 0.47; GluA2: interaction term, 𝑝 =
0.94) (Figures 1(a) and 1(b), resp.), although a trend for
increase could be observed for GluA1, 2 h after the stress
beginning (FC = 1.21, 𝑝adj = 0.08).
No significant changes were also observed for GluA1
Ser831 phosphorylation in FS-stress animals at different time
points (interaction term 𝑝 = 0.15, Figure 1(c)), despite single
comparison at 2 hours after stress had a marginally significant
effect (FC = 0.78; 𝑝 = 0.045). In contrast, we measured a significant treatment-×-time interaction for GluA1 Ser845 phosphorylation (𝑝 = 0.026, Figure 1(d)). In particular, exclusively immediately after the stress protocol, a marked upregulation of GluA1 Ser845 phosphorylation was observed (FC =
1.32, CI 95% = 1.12–1.55, 𝑝adj < 0.001), with no significant
variations at other time points (2 h FC = 1.09, CI 95% =
0.93–1.28, 𝑝adj = 0.49; 24 h FC = 1.03, CI 95% = 0.87–1.21,
𝑝adj = 0.97). Moreover, we found a significant treatment×-time effect for GluA2 Ser880 phosphorylation (𝑝 = 0.002;
Figure 1(e)): acute stress caused an increase in GluA2 Ser880
phosphorylation 2 h after its start (FC = 1.33, CI 95% =
1.09–1.62, 𝑝adj = 0.0015), while no significant changes were
observed at the other time points (2 h FC = 0.90, 𝑝adj = 0.62;
24 h FC = 1.00, 𝑝adj = 0.99).
At postsynaptic membranes, no significant modifications
were observed for GluA1 (interaction term, 𝑝 = 0.32;
Figure 2(a)), while treatment-×-time interaction was significant for GluA2 subunit (𝑝 = 0.013; Figure 2(b)), with
a significant downregulation immediately after the stress
protocol (FC = 0.77, CI 95% = 0.63–0.95, 𝑝adj = 0.01). No
significant modifications were found in GluA1 phosphorylation at Ser831 (interaction term, 𝑝 = 0.27; Figure 2(c))
or Ser845 (interaction term 𝑝 = 0.76; Figure 2(d)). On the
contrary, we observed a significant treatment-×-time interaction for GluA2 at Ser880 phosphorylation levels (𝑝 = 0.025;
Figure 2(e)), which were significantly increased immediately
after the stress protocol (FC = 1.37, CI 95% = 1.11–1.69, 𝑝adj =
0.0013) and reduced at following time points (2 h FC = 1.12,
CI 95% = 0.91–1.38, 𝑝adj = 0.49; 24 h FC = 1.02, CI 95% =
0.83–1.26, 𝑝adj = 0.99).
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3.4. Acute Stress Induces Alterations in NMDA Receptor Subunits Expression. In total PFC/FC homogenates, we found no
effect of stress on GluN1 subunit expression levels at different
time points (interaction term, 𝑝 = 0.94, Figure 3(a)). Instead,
with regard to GluN2A, a significant treatment-×-time interaction term was found (𝑝 = 0.022; Figure 3(b)). Indeed,
total GluN2A expression levels were found increased in total
homogenates of PFC/FC from FS-stress rats, selectively 2 h
after the beginning of stress (FC = 1.41, CI 95% = 1.07–1.86,
𝑝adj = 0.008), and not at the other time points analyzed (𝑡 = 0
FC = 1.04, 𝑝adj = 0.99; 24 h FC = 0.97, 𝑝adj = 0.99). With
regard to GluN2B subunit, a trend for decrease although not
statistically significant was observed 2 h after the beginning
of stress (FC = 0.85, 𝑝adj = 0.53; Figure 3(c)).
Given the key role of GluN2A/GluN2B ratio in regulating
glutamatergic synapses activity [20], the ratio between the
two subunits has also been calculated (Figure 3(d)). We found
a significant treatment-×-time interaction effect (𝑝 = 0.003),
with GluN2A/GluN2B ratio significantly higher in PFC/FC
total homogenates from stressed rats sacrificed 2 h after the
stress beginning (FC = 1.71, CI 95% = 1.22–2.40, 𝑝adj < 0.001),
and no significant changes in GluN2A/GluN2B ratio at other
time points (𝑡 = 0 FC = 1.02, 𝑝adj = 0.99; 24 h FC = 0.93,
𝑝adj = 0.94).
At postsynaptic membranes, we observed a significant
treatment-×-time interaction (Robust GLM, 𝑝 = 0.005) for
GluN1 expression levels (Figure 4(a)), which were significantly increased in FS-stressed rats sacrificed 2 h after the
beginning of stress (FC = 1.36, CI 95% = 1.05–1.68, 𝑝adj =
0.0013). A similar result was found for GluN2A subunit
(Figure 4(b)). GluN2A protein expression level showed a
significant stress-×-time interaction (Robust GLM, 𝑝 =
0.0009), with a marked increase 2 h after stress beginning
(FC = 1.50, CI 95% = 1.16–1.93, 𝑝adj = 0.0005). On the
contrary, no alterations were found either in postsynaptic
level of GluN2B (interaction term, 𝑝 = 0.85; Figure 4(c))
or in GluN2A/GluN2B ratio (interaction term, 𝑝 = 0.39;
Figure 4(d)).

4. Discussion
We report here that acute footshock- (FS-) stress, although
inducing no transcriptional or posttranscriptional alterations
of ionotropic AMPA and NMDA glutamate receptor subunits, modulates, in a time- and subunit-dependent way,
their protein expression, phosphorylation, and localization at
postsynaptic spines in PFC/FC of rats.
In particular, FS-stress rapidly increased phosphorylation
of GluA1, selectively at Ser845 (not at Ser831 ), and of GluA2
at Ser880 in total homogenate, while reducing GluA2 levels,
together with increasing its phosphorylation at Ser880 , in
postsynaptic spine membranes. Acute stress exerted no effect
on GluA1 and GluA2 protein expression levels in total
homogenate, as previously reported [10]. All the changes
in AMPA receptor subunits expression and phosphorylation
levels were selectively measured immediately after the 40 min
of stress session (except for increased GluA2 phospho-Ser880
levels in total homogenate, which were selectively increased
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Figure 1: Time-dependent changes of protein expression levels of GluA1 (a), GluA2 (b), GluA1 phospho-Ser831 (c), GluA1 phospho-Ser845 (d),
and GluA2 phospho-Ser880 (e) in PFC/FC total homogenate of rats subjected to FS-stress and sacrificed immediately after stress and 2 h and
24 h from stress beginning. Data are represented as percentage of controls at each time point, as means ± SEM (𝑛 = 8). Statistics: Generalized
Linear Models (GLM) and Bonferroni Post Hoc Test (see Section 2 for details). ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001.
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2 h after stress start), suggesting fast and transient modulation
of AMPA receptor subunits at PFC/FC synapses induced by
acute stress.
Phosphorylation of GluA1 at Ser831 and Ser845 has been
shown to modulate potentiation of AMPA receptor-mediated
synaptic currents and to be involved in both Long Term
Potentiation (LTP) and Long Term Depression (LTD) [21].
In particular, phosphorylation at Ser845 increases the open
channel probability, and the peak amplitude of currents
mediated by AMPA receptors [21]. Therefore, the increase of
GluA1 phosphorylation at Ser845 rapidly induced by FS-stress
is in line with increased AMPA receptor currents.
Phosphorylation of GluA2 at Ser880 was shown to affect its
association with PDZ domain-containing proteins, thereby
modifying trafficking and redistribution of the subunit at
synaptic sites, facilitating GluA2 internalization [22–25],
and subsequent lysosomal degradation [26]. GluA2 is a
critical subunit in determining the function of AMPA

receptors. Indeed, GluA2-containing AMPA receptors are
Ca2+ -impermeable and have a relatively low single channel
conductance [27], while AMPA receptors lacking GluA2
subunit have a higher Ca2+ permeability and conductance
[28, 29]. Intriguingly, it was shown that homomeric GluA1
AMPA receptors are delivered to synapses after LTP induction, whereas homomeric GluA2 or GluA3 AMPA receptors
are constitutively inserted [30, 31].
Taken together, this body of evidence strongly suggests
that acute FS-stress, increasing GluA1 phosphorylation at
Ser845 and reducing the levels of GluA2-containing AMPA
receptors at postsynaptic membranes, may rapidly and transiently activate AMPA receptor-mediated synaptic currents.
We have also found here that acute FS-stress markedly
increased GluN2A expression levels and GluN2A/GluN2B
ratio in PFC/FC homogenate and GluN1 and GluN2A protein levels in postsynaptic spine membranes, 2 h after the
stress session. Notably, no changes were detected in NMDA
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receptor subunits at other time points, suggesting a timedependent modulation of GluN2A and GluN2B subunits
induced by acute stress.
In the forebrain, NMDA receptors are composed of
one GluN1 subunit and one or more GluN2A or GluN2B
subunits, and the precise combination of subunits determines
the functional properties of the receptor [32]. It is well
known that NMDA receptor subunit composition changes
during development: while GluN2B is abundant in the early
postnatal brain, the level of GluN2A, characterized by faster
rising and decay kinetics, increases progressively during
development [33]. In the adult brain, GluN2A is enriched
at synaptic sites, while GluN2B is mainly extrasynaptic [34],
and the GluN2A/GluN2B ratio was shown to be dependent
on neuronal activity [35]. In particular, since increased
GluN2A/GluN2B ratio is related with increased synaptic
stimulation and transmission, its dynamic regulation is a
major determinant of synaptic plasticity [36]. In this context, the increase of GluN2A/GluN2B ratio in homogenate,
together with enrichment of GluN1- and GluN2A-containing

NMDA receptors in postsynaptic spine membranes measured 2 h, but not 24 h, after the start of FS-stress, is in
line with a delayed and transient enhancement of NMDA
receptor-mediated synaptic currents.
In line with our results, in previous studies it was shown
that both acute stress in vivo and short-term incubation of
PFC neurons with corticosterone in vitro increase AMPA
and NMDA receptor-mediated synaptic transmission and
expression levels at membranes [10, 37]. However, contrary
to the fast and transient effect measured after FS-stress,
acute forced-swim stress was shown to induce a long-lasting
increase (from 1–4 h, to 24 h after stress) of AMPA and
NMDA-mediated excitatory postsynaptic currents amplitude
and surface expression [10]. The apparent discrepancy with
our results may be dependent on a number of factors,
including different types of stress used, different age of
the rats (juvenile versus adult), time points analyzed, and
measurement of glutamate receptor subunits expression in
different compartments (total membrane fraction versus
postsynaptic spine membranes). Moreover, although the
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changes in AMPA and NMDA receptor subunits expression and phosphorylation levels induced by FS-stress were
found to be transient, it cannot be excluded that FS-stress
may induce long-lasting alterations of synaptic transmission,
mediated by other molecular mechanisms. Further studies
are required to address this point.
In previous studies, we showed that FS-stress, together
with enhancing depolarization-dependent release of endogenous glutamate, increases excitatory postsynaptic currents
amplitude (measured immediately after the stress session)
[8]. Acute FS-stress also strongly decreases synaptic facilitation and its calcium-dependence, in line with an increase in
release probability. The results obtained in the present study
strongly suggest that postsynaptic mechanisms may also
be involved in the enhancement of glutamate transmission
induced by FS-stress in PFC/FC. In addition, we have also
shown recently, by using electron microscopy stereology, that
the total number of nonperforated and axoshaft excitatory
synapses in medial PFC is increased remarkably (over 40%)
immediately after acute FS-stress [38], demonstrating that
the early functional changes in glutamate transmission are
accompanied by large-scale changes in brain architecture at
a fast pace.

5. Conclusion
In this study, we reported a time-dependent modulation of
both AMPA and NMDA receptor subunits expression and
phosphorylation induced by acute FS-stress in PFC/FC.
Although further studies are warranted to dissect the
time-dependent functional, molecular, and structural alterations induced by stress in PFC/FC, the present study may
further support the evidence of an enhancement of glutamatergic synaptic transmission as early response to acute
stress.
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Chronic stress-related psychiatric diseases, such as major depression, posttraumatic stress disorder, and schizophrenia, are
characterized by a maladaptive organization of behavioral responses that strongly affect the well-being of patients. Current evidence
suggests that a functional impairment of the prefrontal cortex (PFC) is implicated in the pathophysiology of these diseases.
Therefore, chronic stress may impair PFC functions required for the adaptive orchestration of behavioral responses. In the present
review, we integrate evidence obtained from cognitive neuroscience with neurophysiological research with animal models, to put
forward a hypothesis that addresses stress-induced behavioral dysfunctions observed in stress-related neuropsychiatric disorders.
We propose that chronic stress impairs mechanisms involved in neuronal functional connectivity in the PFC that are required
for the formation of adaptive representations for the execution of adaptive behavioral responses. These considerations could be
particularly relevant for understanding the pathophysiology of chronic stress-related neuropsychiatric disorders.

1. Introduction
The enriched image we have of the world as well as the great
number of behavioral options implies the need for appropriate and adaptive accommodation of behavioral responses for
our survival. This demand is especially evident in neuropsychiatric disorders like major depressive disorder (MDD),
anxiety disorders (including posttraumatic stress disorder,
PTSD), and schizophrenia (SZ), in which subjects develop
aberrant and maladaptive behavioral responses which negatively affects well-being (reviewed in [1, 2]). For example,
MDD is characterized by a bias in explicit memory that favors
negative self-related information and increased bias to interpret perceptual stimuli as negative [3, 4]. Similarly, anxiety
disorders are characterized by selective attention favoring
threatening information and increased retention of aversive
memories [3, 5, 6], while SZ patients display a tendency
for ambiguous stimuli to be misinterpreted as threatening,
together with misinterpretation of the intentions of others
[2, 7]. Simultaneously, these disorders are also characterized

by impaired behavioral flexibility, that is, the ability to adapt
behavioral responses to current environmental demands [8].
This evidence suggests a clear impairment in the adaptive
control of behavior.
The adaptive organization of goal-directed behavioral
responses is supported by the prefrontal cortex (PFC) [9, 10]
and its appropriate connectivity with other brain structures,
as the hippocampus (HPC) and the amygdala [11–14]. It is
argued that neuropsychiatric disorders involve alterations to
the behavioral control system supported by the PFC and its
connectivity with other brain systems [2, 15, 16]. In support of
this idea, it has been shown that patients suffering from these
disorders display alterations of PFC-dependent cognitive
functions, like cognitive flexibility [17], working memory
[18, 19], and fear extinction [20]. In the same line of evidence,
functional alterations of the PFC have been observed in
patients suffering from neuropsychiatric disorders [4, 21–24].
Also, these patients display altered functional connectivity
in the PFC-HPC and the PFC-amygdala pathway [25–27].
These evidences suggest that such disorders are related
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to the maladaptive accommodation of behavioral responses
supported by the PFC, and its connection with other structures. On the other hand, chronic stress, that is, an intense and
sustained maladaptive response to environmental threats [28,
29], is considered one of the most important risk conditions
for the development of neuropsychiatric disorders [30–32].
Therefore, connecting this evidence, it has been suggested
that chronic stress affects the accurate functioning of the PFC
[33, 34], which is expressed as the maladaptive generation of
behavioral responses observed in neuropsychiatric disorders.
However, how chronic stress affects the neural representation of behavior in the PFC and how these alterations are
expressed as maladaptive behavioral responses remain still
elusive.
In the present review we integrate theoretical considerations and empirical evidence, mainly from rodents animal
models, to relate the effects of chronic stress on neural functional connectivity related to the organization of behavior
mediated by the PFC. In Section 2, we approach theoretical frameworks proposing that the control of behavior is
mediated by the formation of cognitive maps in the PFC. In
Section 3, we propose these cognitive maps are represented as
functional connectivity of neuronal assemblies in the PFC.
We then in Section 4 propose synaptic plasticity and oscillatory synchrony as neurophysiological mechanisms involved
in the formation of these neural assemblies in the PFC. We
also report evidence of the chronic stress-induced impairment of these mechanisms. In Section 5, we approach the
long-term storage of neural assemblies representing cognitive maps in the PFC, the neurophysiological mechanisms
involved, and in Section 6 the consequences of chronic stress
on these mechanisms. In Section 7, we propose a hypothesis
for chronic stress-induced psychiatric disorders based on
functional connectivity in the PFC. Finally, we discuss future
research in this area, in particular concerning the pathophysiology of chronic stress-related neuropsychiatric disorders.

2. Adaptive Control of Behavior by the PFC
2.1. Function of the PFC. The first clues about the role of the
PFC came from studies of PFC lesions in humans. Lesions
of the PFC have long been known to produce impairment of
cognitive functions, such as attention, set-shifting, working
memory, planning, temporal integration, decision making,
retrieving and manipulating old memories, and inhibitory
control (reviewed extensively in [35]). Although rodents do
not possess anatomical features of primate PFC, a large body
of evidence has shown that lesions to the rodent medialPFC (mPFC) subserves a range of cognitive and behavioral
processes homologous to those mediated by the primate PFC
(reviewed in [36], [37]). Lesions to the rodent mPFC impair
set-shifting [38], working memory [39], and the recall of
extinction of conditioned fear, a type of emotional reversal
learning [40]. Thus, rodent models have important properties
to the study of behavioral and neural properties related to the
control of behavior.
The lesion studies of the PFC in both primates and
rodents led to the idea that the principle and more general
behavioral impairments associated with PFC lesions are not
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explained by failure of a particular function but imply a
failure to coordinate a set of cognitive processes. A large body
of evidence leads to the hypothesis that the main function
of the PFC is cognitive control of behavior, that is, the
adaptive accommodation of behavioral responses to current
perceptual conditions toward the attainment of goals [41],
also known as executive control [10]. To accomplish this
function, the PFC integrates perceptual information about
the current context and execute an appropriate behavioral
response a process known as the perception-action cycle [9].
To the execution of the perception-action cycle, both the
primate PFC and rodent mPFC are anatomically positioned
between the perceptual input and motor and visceral output
neural systems [9]. The perceptual information communicates about the internal state (needs), the significance
and motivational and emotional information (valence and
arousal), contextual information of the stimuli, and previous
memories related to similar perceptual information.
Perceptual information about the external and internal
environment is transmitted mainly from the orbitofrontal
cortex (OFC) and the insula, respectively [42]. The PFC also
receives inputs from the thalamus (mediodorsal and reuniens
nuclei) [43], which is involved in learning new information,
from the hippocampus (HPC), which is involved in spatial
and episodic memory and in memory consolidation [44, 45],
and from the amygdala, which carries information about the
motivational significance of sensory stimuli [46, 47]. The
ascending arousal system also projects densely to the PFC
[48–51]. Thus, the PFC integrates perceptual, contextual, and
motivational information about the environment, together
with internal states and needs.
For the execution of the perception-action cycle, the PFC
projects to neural systems involved in generating behavioral
responses and executing actions [52, 53]. The PFC projects to
several outputs, such as the premotor cortex, the hypothalamus (reviewed in [53]), the striatum [54], and the ascendingarousal system [55]. Thus, the PFC projects to motor, neuromodulatory, and visceral brain systems to generate an appropriate response according to internal and external demand in
a goal-directed manner.
It is important to take into consideration that, based on
anatomical and physiological criteria, both the primate and
rodent PFC may be subdivided into different compartments
which could have different behavioral roles (reviewed in [9,
52, 53]). Thus, for example, the rodent PFC is subdivided
into the dorsal anterior cingulate cortex (Acc), the prelimbic
cortex (PL), and infralimbic cortex (IL). Projection of the PL
includes the agranular insular cortex, the claustrum, ACC
(and extended ventral striatum), basolateral amygdala, the
paraventricular, RE and MD of thalamus, VTA/SNc, and
raphe nuclei of the midbrain (SLN, DR, and MR). Thus, the
connectivity pattern of the dorsal mPFC is consistent with a
role in limbic-cognitive functions homologous to the dorsolateral prefrontal cortex of primates. On the other hand,
the IL projects mainly to forebrain and brainstem sites
controlling autonomic/visceromotor activity, projections that
are consistent with a role for IL in the control of visceral/
autonomic activity homologous to the orbitomedial prefrontal cortex of primates [52, 53, 56]. Also PL and IL are
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Figure 1: Cognitive map of the perception-action cycle in the PFC. We present a diagram of the execution of cognitive behavioral control
by the PFC in the perception-action cycle. Sensory, motivational, contextual, and internal state information is sent to the PFC, where it
is integrated through synaptic inputs from other brain systems (OFC, HPC, amygdala, insula, ascending arousal system, etc.). Cognitive
function, as selective attention, participates in the integration of perceptual stimuli. Once integrated, a labile cognitive map is formed in
the PFC, which represents the coupling of perception and actions as required for adaptive goal-directed behaviors. This link is provided by
the projection of the PFC to neural systems involved in executing actions and behavioral responses (premotor cortex, striatum, ascendingarousal system, and hypothalamus). The cognitive map formed in the PFC contains contingencies, abstract rules, and strategies related to the
accomplishment of the goal. Simultaneously, through memory recall, this cognitive map retains links to and among distributed associative
memories in other brain systems (declarative and procedural memories), allowing for retrieving memories and other representations when
needed. Cognitive function as working memory is involved in the “online” attainment of the cognitive map, while preparatory set and
inhibitory control participates in the generation of accurate behavioral responses.

strongly interconnected [53], suggesting the integration of
both visceral and cognitive elements, which seems to be
necessary to the generation of adaptive behavioral responses.
2.2. Formation of the Cognitive Map Related to Control of
Behavioral in the PFC. Theoretical work by Fuster [9, 57, 58]
proposes that once perceptual information is selected and
integrated in the PFC, a cognitive map of the perceptionaction cycle is formed in this structure that integrates and
engages the repertory of perceptions and actions coupled
as required in a specific adaptive goal-directed behavioral
response [9, 58]. This cognitive map may include simple
associations between cues and goals (contingency), and associations between different rules and strategies to accomplish
goals (Figure 1).
In a first step, through selective attention, the perceptual
information relevant to the goal is focused and selected. During the acquisition of the perception-action cycle, the PFC
recalls and engages sparse representations of perception and
of actions stored in different brain systems (declarative and
procedural memories, Figure 1), allowing for memories and
other tasks to be brought “online” when needed, for which
executive functions like working memory are implemented.
Other executive functions are also required, as a preparatory
set for the selection of the action coupled with perceptual
information, and inhibitory control to suppress cognitive or
emotional contents and operations that may interfere with the
goal.
After acquisition, the cognitive map may be labile in time,
confirming the short-term nature of the perception-action

cycle [56]. If the cognitive map has motivational significance,
it is transformed into a static cognitive map in the PFC,
corresponding to the remote memory of the perceptionaction cycle ([59] see below). If current perceptual information is similar to a previously stored cognitive map, it induces
reactivation of the map (memory recall), a process that brings
“to mind” the previously linked distributed associative representations through working memory as required [56]. Thus,
stored cognitive maps are activated whenever the subject
faces a similar environmental challenge. However, if perceptual stimuli are novel or ambiguous, the perceptual information is not explicitly linked to a clear action, and the subject
must update the response on the basis of constantly changing
stimuli [10, 60]. Under these conditions, a stored cognitive
map may be updated in agreement with new circumstances,
or different internal cognitive maps may compete to generate
the correct response [10], a feature that requires behavioral
flexibility [8]. Hence, given that “new memories consist
invariably of the updating and expansion of old ones which
new experience activates by association and recall” [9], the
cognitive map is also a dynamic map that is constantly
updated in agreement with new perceptual information.
2.3. Chronic Stress Impairs PFC-Dependent Behavioral Tasks.
It has been suggested that the maladaptive organization of
behavioral responses observed in chronic-stress psychiatric
disorders is related to the aberrant cognitive function of the
PFC [61]. Chronic stress alters several executive functions
of the PFC in humans, such as working memory, selective attention, and behavioral flexibility [62–64]. Similarly,
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chronic stress also affects executive functions mediated by the
mPFC in rodents, like working memory [65–67], behavioral
flexibility [62, 65, 68], recall of the extinction of conditioned
fear [69–72], and decision making [73]. Hence, we suggest
that these behavioral alterations have repercussions in the
formation of cognitive maps for the perception-action cycle
in the PFC, resulting in maladaptive behavioral responses, as
observed in chronic stress-related psychiatric diseases.

3. Encoding and Representation of
Cognitive Maps in the PFC
3.1. Neural Assemblies as Representation in the PFC. How
are executive functions encoded in the PFC? A large body
of evidence has shown that cognitive events take the form
of modulations of the neuronal firing rate in the PFC. An
early observation of this phenomenon was the modulation
of the firing rate in the primate PFC that correlated to
delayed response in working memory tasks [74–76]. Similarly
to primates, changes in the firing rate in the rodent mPFC
have been associated with different behavioral requirements
[77]. Likewise, changes in firing rate in the mPFC have been
associated with fear conditioning [78], motivational salience
of places [79], control of fear expression [80, 81] strategy
switches [82], recognition of safe versus unsafe places [83],
object-in-place [84], and appetitive behavior [85].
However, due to variability of firing rates and limited representation capacity [86], the single-neuron spiking model
is limited for encoding complex parameters [87]. Hebb [88]
hypothesized that a discrete, strongly interconnected group
of active neurons, the “neural assembly,” codes for distinct
cognitive entities. The neural assembly hypothesis is based on
the following three principles (reviewed extensively in [89]):
(1) The neural assembly is made up of a relatively small
set of neurons that encode a behavioral parameter.
This principle assumes that a given representation is
encoded by the synchronized activation of a population of neurons. The activation of the assembly is
manifested by the synchronized firing of neurons,
which is supported by synaptic connectivity among
neurons that form the assembly. This principle also
assumes that any given neuron is a member of
different neural assemblies.
(2) As a behavioral parameter is learned, the neural
assembly that represents it is formed. This principle
assumes that as a behavioral parameter is learned, the
connectivity of the neurons that represent this behavioral parameter is gradually formed and strengthened
through changes in synaptic weight (synaptic plasticity). It also assumes that the neural assembly is formed
by the activity-dependent repeated coactivation of a
group of neurons during behavior.
(3) Activation of the neural assembly correlates to behavior.
This assumes that behavioral performance is paralleled with activation of the neural assembly, thus
providing a functional meaning to the assembly.

Therefore, a neural assembly that represents a cognitive
map in the PFC is composed of functional connectivity
among neurons whose coordinated activity reflects learned
relationships with cognitive-relevant elements, such as strategies, decisions, and goals [90]. Experimentally, an assembly
is a task-related synchronized overlapping firing of multiple
neurons, and the task-dependent dynamics of the functional
connectivity among multiple neurons [90]. Therefore, in
order to detect neural assemblies it is necessary to record
a large number of active neurons simultaneously during
the execution of behavioral tasks [91]. In recent decades,
Hebb’s hypothesis of neural assemblies has been empirically
supported thanks to advances in multielectrode recording
techniques [91, 92] and statistical analysis for signal processing [87]. However, given that multielectrode recording
is a highly invasive technique, most recordings of neural
assemblies have been performed in freely moving animals,
especially rodents. To date, the best-known examples of
neural assemblies are “place cells” in the rodent HPC [93, 94]
and the “grid cells” in the entorhinal cortex [95], which are
considered different levels of internal representations of the
location of the animal in space [93, 95].
3.2. Cognitive Functions Are Encoded by Neural Assemblies
in the PFC. The emergence of neuronal assemblies related
to executive functions like working memory has been well
demonstrated in the rodent mPFC [96–98]. The activity
of these assemblies related to working memory increases
progressively in parallel to behavioral performance [98–100],
suggesting that learning is related to the gradual formation
of the assembly. In the study of Fujisawa et al. [101] the
neural assemblies showed an increased firing specifically
at the choice point of the T-maze in a working memory
task. Similarly, Benchenane et al. [98] and Fujisawa and
Buzsáki [102] showed that the activation of the assembly in
the mPFC also occurs at the choice point in the Y-maze
after learning, and that activation of assemblies predicts the
choice of reward, suggesting that the assembly encodes for
strategy representation. Thus, assemblies are well correlated
with behavioral outcomes, suggesting that this is a neural representation of cognitive activity implemented by the mPFC.
There is also evidence of neural assemblies in the mPFC
relative to a set-shifting paradigm, a model of cognitive flexibility [103]. Importantly, these neuronal assemblies switch
from encoding a familiar rule to a completely novel rule, and
neural assemblies are predictive of behavioral choices even
before a trial starts [103]. Altogether, the evidence presented
suggests that neural assemblies support cognitive maps of
the perception-action cycle, and that these neural assemblies
are gradually formed in the mPFC during acquisition of a
perception-action cycle.
The rodent mPFC is subdivided into PL and IL, and it
has been suggested that both subdivisions have particular
behavioral roles [9, 52, 53]. Some studies have not found
significant differences in the neural representation of behavioral outcomes between these subdivisions [77–79, 99]. From
these studies it could be suggested that there is no important
difference between PL and IL in the representation of different aspects of goal-directed behavior. However, some studies
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reported important differences in the neural activity in PL
and IL referent to behavioral correlates. The most well known
differences between these structures are related to the control
of the expression of conditioned fear. Milad and Quirk [104]
found that neurons in the IL, but not PL, fire to the tone only
when rats are recalling extinction of conditioned fear on the
following day, which correlated to reduced freezing. On the
other hand, Burgos-Robles et al. [80] found that neurons in
PL fire correlated with fear expression, and that persistence
of PL responses after extinction training was associated with
failure to express extinction memory. These results suggest
that PL and IL have opposite roles in the control of the
expression of fear after extinction (reviewed in [105]). Differences between PL and IL have also been found in appetitive
behavior. Burgos-Robles et al. [85] reported that PL neurons
exhibited fast and transient responses to reward, whereas IL
neurons exhibited delayed and prolonged activity to reward
collection. Finally, Rich and Shapiro [82] found that neurons
in PL and IL code for strategy switches; however, fire in the
PL codes for anticipated adoption of new strategy, whereas
IL neurons established new representation only after learning
criteria have been established, suggesting that the two regions
help to initiate and establish new strategies, respectively.
Considering that PL and IL are strongly interconnected [106],
altogether these results suggest that both PL and IL could
represent different aspects of the same behavioral response.
3.3. Effect of Chronic Stress on Neural Assemblies. It has been
suggested that dysfunction in neural assemblies is associated
with stress-related disorders like SZ [107]. Indeed, there is
evidence of impaired coordinated activation of firing in the
mPFC in genetic and developmental models of schizophrenia
[108, 109]. However, whether chronic stress impacts on neural
assemblies that represent executive functions in the mPFC
is unknown to date. Nonetheless, it has been shown that
chronic stress disrupts stability of place cells in the HPC [110],
impairment that is paralleled with decreased spatial memory.
This suggests that chronic stress affects neural assemblies that
code for cognitive functions in the PFC, likely altering the
neural mechanism for their formation.

4. Mechanism for the Formation of
Neural Representation of
Cognitive Maps in the PFC
4.1. Role of Synaptic Plasticity in the Formation of Neural
Assemblies. Hebb’s hypothesis proposes that the formation,
storage, and reactivation of neural assemblies depend on
the alteration of the efficacy and connectivity of synapses
in relevant neural networks [88], a concept known as
synaptic plasticity [111]. This hypothesis poses that rapid,
long-lasting change in synapse strength between consistently
correlated pre- and postsynaptic activity drives strengthening
of synaptic transmission, while weakly correlated activity
drives weakening of synaptic transmission (“neurons that fire
together, wire together”; [88]). Synaptic plasticity induced by
neuronal activity, which generates neural network dynamics based on experience and training-induced activity, is
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especially important for the formation of assemblies with
behavioral relevance [89]. Synaptic plasticity is implicated
not only in the formation of neural assemblies, but also
in their updating and long-term memory [112]. Long-term
synaptic plasticity, the effects of which last from hours to
days, plays an important role in the long-term storage of
memory representations [112]. Experimentally, long-term
synaptic plasticity has been assessed through long-term
potentiation (LTP) and long-term depression (LTD), a longlasting increase or decrease, respectively, in synaptic strength
induced by a specific neural activity pattern, usually brief
and strongly correlated to pre- and postsynaptic activity
[113]. Importantly, synaptic plasticity results in structural
remodeling of activated synapses, thus modifying structural
connectivity among neurons (reviewed extensively by [114]).
Thus, through long-term synaptic plasticity, sustained neural
activity produces long-lasting synaptic modifications among
neurons [115].
4.2. Synaptic Plasticity in the PFC. Short- and long-term
synaptic plasticity have been observed in rodent mPFC slices
in vitro [45, 116–123]. Also synaptic plasticity has been shown
in vivo between the mPFC and other brain structures, as
the HPC and the thalamus [124–128]. However, because of
technical considerations, there is no direct evidence of the
involvement of synaptic plasticity in the formation of neural
assemblies in the mPFC. Some clues support the role of
synaptic interactions in the formation of assemblies in the
PFC. For example, Fujisawa et al. [101] found that 20% of the
neurons of the assembly in the mPFC related to the choice of
the animal in the T-maze showed monosynaptic interaction,
suggesting that the efficacy of synaptic transmission between
neurons varies according to task requirements. Courtin et al.
[81] found that 63% of recorded neurons displayed excitatory
or inhibitory interaction in the mPFC related to fear expression. These observations suggest that synaptic interaction is
a critical process to integrate neurons in neural assemblies in
the mPFC in relation to behavioral functions.
4.3. Chronic Stress Affects Synaptic Function in the PFC.
It has been proposed that alteration in synaptic plasticity
is an important mechanism in the development of stressrelated psychiatric disorders [129–131]. Behavioral alterations
induced by chronic stress are paralleled with alterations in
synaptic transmission in the mPFC [72, 132], particularly
in glutamatergic synaptic transmission [132, 133] (reviewed
in [134]). The significance of these findings is that synaptic
inputs from other brain systems, like the amygdala and HPC,
as well as internal network connectivity, are mainly mediated
by glutamatergic transmission [45, 46, 119]. It has been shown
that glutamatergic synaptic transmission plays a critical role
in firing activity in cortical neurons [135]. Indeed, chronic
stress, either at the prenatal or at postnatal stage, reduces
firing and burst activity of principal neurons in the mPFC
in vivo [67, 71, 134, 136]. Chronic stress also reduces longterm synaptic plasticity in the mPFC both prefrontal in slices
[133, 137] and in vivo in the HPC-mPFC axis [68, 138, 139], the
mediodorsal thalamus-mPFC pathway [140], and the nucleus
accumbens-mPFC neural pathway [141]. These data suggest
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that chronic stress impairs activity-dependent changes in
synapse strength both in the internal circuitry of the mPFC
and with the connectivity with other neural structures. These
alterations are accompanied by severe disruption of working
memory and cognitive flexibility [68, 140]. Interestingly,
in both early life and adulthood, chronic stress blocked
LTP of the hippocampal-mPFC pathway, impairment that
was associated with an increased fear response after fear
extinction [142, 143].
Whether chronic stress has direct repercussions on
synaptic plasticity related to the formation of neural assemblies in the mPFC is still unknown. However, as Kim et al.
[110] showed, the impaired formation of place cells induced
by chronic stress in the HPC is accompanied by a decrease
in LTP, suggesting that synaptic plasticity is an important
mechanism for the stability of neural assemblies. The same
principle can be applied to neural assemblies in the PFC.
4.4. Role of Neural Oscillations in the PFC. Neural oscillations
are patterns of rhythmic electrical activity expressed as voltage changes in the extracellular space that arises from complex interactions between neurons and the networks to which
they belong [144]. Given that long-term synaptic plasticity
requires precise synchronization between pre- and postsynaptic neurons [145], it has been suggested that neural oscillations are responsible for synchronization of synaptic and neural activity involved in the formation and activation of neural
assemblies [146–148]. This hypothesis, known as bindingby-synchronization [146], proposes that oscillations provide
a “tag” that binds those neurons representing the same
perceptual object. This is because oscillatory activity induces
changes in the somatic membrane potential that strongly
entrain action potentials, thus modulating both spike probability and timing [149, 150]. Thus, oscillatory activity may segregate the activity of neural populations that encode different
aspects, or even segregate individual neural assemblies [89].
Oscillatory activity is significant because neuronal events
related to cognitive activity are integrated by oscillatory
rhythms [151]. For example, theta oscillations (4–10 Hz) arise
during “active behaviors” and therefore synchronize specific
neuron populations in the mPFC related to the requirements of the task, allowing the activation and emergence of
neural assemblies [81, 98, 102, 108, 152–155]. Theta activity
synchronizes spikes in the mPFC specifically in moments
or places of special significance for the accomplishment of
the task [98, 102]. Moreover, theta entrainment of prefrontal
spikes, and not the firing rate, predicts successful working
memory in rodents [154]. Benchenane et al. [98] showed that
the activities of neural assemblies in the mPFC related to
correct choice in a working memory task were synchronized
to theta rhythm. Similarly, Fujisawa and Buzsáki [102] found
that prefrontal goal-predicting neurons were significantly
more synchronized by a 4 Hz oscillation than nonpredicting
neurons. Moreover, synaptic transmission between pairs of
neurons in the mPFC was significantly modulated by a 4
Hz rhythm in the choice point of the maze [102]. On the
other hand, gamma oscillations (30–80 Hz), which emerge
from local neural interactions, allow precise timing of action
potentials by promoting the activation of a population of
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neurons and facilitating spike-dependent synaptic plasticity
[147]. Theta oscillations entrain gamma activity in the mPFC,
a modulation that is evident in the choice point in the
T-maze and correlates with working memory performance
[102, 156]. Therefore, through oscillatory synchrony, theta
oscillations collectively coordinate gamma oscillations and
neuronal assemblies in a task-relevant manner. Altogether,
this evidence suggests that transient and dynamic synchronization of spikes to oscillatory activity in the mPFC is
important to coordinate behavioral functions.
4.5. Oscillatory Spectral Coherence Synchronize Active Neurons in the mPFC. As described in Section 2.1, the efficient
connectivity between the mPFC and other brain structures
has a relevant role in the function of the control of behavior
mediated by the mPFC. A special feature of neural oscillations is that they synchronize spikes and synaptic activity
between different brain systems. Thus, spectral coherence,
a measure of oscillatory synchrony between different brain
areas [157], facilitates functional interactions and communication between neuron populations [151, 158], promoting
synaptic plasticity for the formation of neural assemblies
[159].
Oscillatory synchrony between the mPFC and HPC has
been observed in rodents [102, 152, 153, 156, 160–166]. Interestingly, an increase in spectral coherence is observed in the
theta range between the mPFC and the HPC during executive
functions, such as working memory or inhibitory control [98,
102, 152, 153, 155, 156, 162]. This increase in spectral coherence
at the theta frequency emerges in moments and places of special significance for the accomplishment of tasks [98, 102, 108,
153]. The increase in spectral coherence between the mPFC
and HPC synchronizes mPFC spikes in a task-dependent
manner, promoting the emergence and activation of neural
assemblies that predict correct choice in a working memory
task [98]. This work has important implications: first, to
accomplish a given behavioral task, both the mPFC and HPC
synchronize their oscillatory activity in the theta frequency,
which is reflected as an increase in spectral coherence;
second, an increase in coherence does not occur during the
entire behavioral task, but only at relevant points in the maze;
and finally, synchronization of oscillatory activity between
the mPFC and HPC may provide, through spectral coherence
in the theta frequency, the tag for neuronal communication
of these structures required for the behavioral task.
4.6. Chronic Stress Affects Oscillatory Activity in the mPFC.
Alterations in oscillatory activity have been suggested as a
critical component in stress-related mental disorders [167–
169]. Genetic and developmental models of SZ show reduced
entrainment of prefrontal spikes to spectral coherence, suggesting a critical role of neuronal synchrony in physiopathology of psychiatric disorders [108, 109]. However, few studies
have approached the effect of chronic stress on oscillatory
activity in the mPFC. It has been shown that chronic stress
decreases oscillatory synchrony between the thalamus and
mPFC in the delta and theta frequency bands [139, 140].
Chronic stress also reduces spectral coherence between the
mPFC and amygdala in the theta frequency band [170].
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Oliveira et al. [171] showed that chronic stress-induced variations in HPC-to-mPFC coherence correlated with stressinduced behavioral deficits in a spatial reference memory
task. Similarly, chronic stress increases spectral coherence at
theta frequencies between the mPFC and HPC [172]. Therefore, we suggest that these chronic stress-induced alterations
of oscillations impair synchrony between prefrontal neurons
required for the activation of neural assemblies that represent
executive functions.

5. Long-Term Storage of
Cognitive Maps in the PFC
5.1. Memory Consolidation. Although not considered an
executive function, the recall of remote memories has been
shown to be linked to the PFC [173, 174]. It has been
suggested that remote memory is associated with the longterm storage of cognitive maps of the perception-action cycle
in the PFC [9, 56]. This static cognitive map in the PFC
may link sparse representations stored in different brain
systems, allowing bringing memories and other task-related
knowledge “online” when needed and mixing new memories
with existing ones [9, 56, 58]. Thus, this static cognitive map
could be considered as a “schema” [175]. The transformation
of the transient cognitive map of the perception-action cycle
into a stable cognitive map occurs by a process known as
memory consolidation, in which memories are gradually
established from a relatively labile form (short-term or recent
memory) to a more permanent state (long-term or remote
memory) [176].
Currently, the most accepted model for memory consolidation is the two-stage model [177], which proposes that new
information is first acquired and stored transiently during the
waking state and then consolidated “off line” during sleep
[178–181]. In this model, the interplay between the PFC and
the HPC when subject is awake acts as a transient storage
structure for recently acquired information [182, 183]. During
slow-wave sleep (SWS), the interplay between the PFC and
HPC may be required to consolidate the new cognitive
maps in the PFC ([178] see below), inducing the increase
and strengthening of neural connectivity within prefrontal
networks [184]. Thus, the stable cognitive map is formed in
the PFC and becomes independent of the HPC [173]. This
process also allows the gradual integration of new memories
with previously consolidated cognitive maps.
The proposed biological advantage of this two-stage
model is that memories are not consolidated until the
significance of an experience has been evaluated [185]. This
implies that not all labile memories are transformed into
remote memories. Indeed, it is well known that emotionally
arousing experiences generally create strong, long-lasting
memories [185], and that only memories that have motivational (or emotional) significance are consolidated [186, 187].
The amygdala, through the connection to the PFC, provides
emotional information (both valence and arousal), whether
aversive [188] or appetitive [189]. The activation of the
amygdala by emotionally significant events, by tagging such
events, facilitates the transmission of information between
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the HPC and the PFC needed for consolidation of cognitive
maps (see below, [187]).
5.2. Oscillatory Interplay between the PFC and HPC Assists
in the Long-Term Storage of Neural Assemblies in the mPFC.
Neural assemblies that represent rules or strategies in goaldirected tasks are highly stable in the mPFC even for some
time after acquisition, suggesting long-term stability of the
neural assembly [103, 190]. It has been suggested that neural
assemblies that represent cognitive events are consolidated
through their reactivation during sleep. The first evidence of
this phenomenon was the reactivation of place cells in the
HPC during sleep [191]. In the mPFC, neuronal assemblies
that are active and have behavioral relevance during wakefulness are replayed during SWS [96–98]. Interestingly, the
replay of assemblies in the mPFC during SWS correlates with
behavioral performance during wakefulness [96, 97, 103],
suggesting that neural processes involved in the stabilization
and consolidation of neural representation of cognitive activity carried out by neural assemblies take place during SWS.
It has been suggested that replay is accomplished by
oscillatory synchrony between the neocortex and HPC [177].
During SWS, when delta activity is prominent [161, 163], particular patterns of spindle-shaped neural oscillations (periods
of 1-2 s of waxing-and-waning patterns at 7–12 Hz, [192])
emerge in the neocortex, including the PFC, while sharpwave ripples (SWRs, events of high-frequency 100–300 Hz
oscillations, [193]) emerge exclusively in the HPC. Both SWR
and spindles have been implicated in memory consolidation
[192, 193]. During SWS, delta activity synchronizes prefrontal
spindles and spikes to hippocampal SWR [160, 161, 163, 164].
Furthermore, putative pyramidal neurons and interneurons
are modulated by spindles in the mPFC, showing enhanced
responsiveness to hippocampal SPWRs during sleep [194].
This study also showed that gamma activity in the mPFC
is modulated by spindles and SWRs, indicating that activity
patterns in the mPFC and HPC are strongly synchronized by
network oscillatory activity during SWS.
Synchrony between the mPFC and HPC also allows the
replay of prefrontal neural assemblies during sleep [96–
98]. Neural assemblies formed in the mPFC related to
working memory are reactivated during sleep, especially in
synchrony with hippocampal SWRs [97, 98]. This suggests
that hippocampal SWRs serve to select neocortical neurons
to be preferentially activated based on the information placed
in hippocampal networks by past experience [160]. Together,
these studies suggest that synchrony of discrete oscillatory
patterns between the mPFC and HPC during SWS represents
the offline transference of information from the HPC to
cortical networks, a process that appears critical for the
consolidation of memories. Thus, assembly recruitment by
oscillatory activity during SWS seems to be critical for longterm memory consolidation of representations supported by
these assemblies.
5.3. Possible Role of the Amygdala in the Consolidation of Cognitive Maps in the PFC. The amygdala promotes the transmission of information between the HPC and the neocortex
needed for consolidation of memories by tagging events that
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are to be consolidated [187]. Interestingly, spectral coherence
between the mPFC and the amygdala has been observed at
the theta frequency [195, 196]. It has been proposed that oscillations in the amygdala, especially theta activity, are involved
in the consolidation of emotionally significant memories
[197, 198]. Theta activity is present in the amygdala only
during emotional arousal [199], suggesting that this activity
could inform the emotional value of current conditions. The
amygdala has strong reciprocal connections with the mPFC
and the HPC [46, 200] and theta activity between these
structures is highly synchronous during emotional arousal
[201–203]. Lesting et al. [195] showed that theta synchrony
between the mPFC, HPC, and amygdala, as well as synchrony
of neural firing, increased during retrieval of conditioned fear
and decreased during extinction learning [195, 204]. Hence, it
has been proposed that amygdalar theta activity during emotional arousal promotes memory consolidation by facilitating
interactions between the mPFC and HPC [197]. Amygdalar
theta oscillations could magnify the periods of effective
synaptic interactions promoting synaptic plasticity in coactive structures like the mPFC and HPC during memory storage [197]. In support of this idea, an increase in spectral coherence at the theta frequency band during paradoxical sleep
after fear learning between the mPFC, HPC, and amygdala
has been reported, which correlated with behavioral performance [205]. Interestingly, about 10–20% of mPFC and amygdala neurons were activated and synchronized to theta activity during paradoxical sleep, suggesting the replay of neurons
that represent fear learning [205]. Altogether, these results
support the hypothesis that the amygdala, through oscillatory
synchrony with the mPFC and HPC, provides a mechanism
for interareal coordination related to aversive stimuli, providing contextual emotional information for subsequent behavior. Thus, communication through oscillatory synchrony may
promote consolidation of emotionally significant memories.
5.4. Effect of Chronic Stress on Memory Consolidation. Some
stress-related psychiatric disorders, like MDD and PTSD, are
characterized by an aberrant persistence of aversive memories [3, 6]. Recent data indicate that chronic stress enhances
retention of aversive long-term memories in rodents [206].
Also, chronic stress during gestation induces persistence of
aversive long-term memory in the offspring at adulthood
[136, 207]. This persistence of aversive long-term memory
is paralleled with a decrease in the firing rate in the mPFC,
and a reduced cross-correlation between hippocampal SWR
and prefrontal spikes during delta activity [136], suggesting
an association of synchrony of activity patterns between
the mPFC and the HPC, and the persistence of aversive
memories.
It is important to take into consideration that the aberrant
persistence of aversive memories observed in stress related
disorders is related to aversive memories [3, 6] but not to
other types of memories. This suggests that chronic stress
induces the selection of the memories to be consolidated,
a function that may depend on the amygdala [187]. Other
studies have reported that chronic stress generates hyperactivation of the amygdala [208]. For example, chronic stress
increases firing in the amygdala [209] and also increases
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spectral coherence between the HPC and amygdala [172, 210].
Thus, the hyperactivation of the amygdala may strengthen
memory consolidation for aversive experiences by increasing
the number of neurons that best represent that event.

6. Summary: Effect of Chronic Stress
In the previous sections we integrate evidence from basic
and cognitive neuroscience that approach how the mPFC
participates in the implementation of the adaptive organization of behavioral responses. We also put evidence with
focus on how chronic stress could affect the organization of
behavioral responses mediated by the mPFC. This evidence,
systematized in Figure 2, can be summarized as follows:
(1) Chronic stress impairs glutamatergic synaptic transmission (Section 4.3), reducing the probability to firing of prefrontal neurons. Chronic stress also impairs
long-term synaptic plasticity (Section 4.3), resulting
in the impaired ability to modify synaptic connectivity in an activity-dependent manner between prefrontal neurons and between prefrontal neurons with
neurons of other brain systems.
(2) Chronic stress impairs also oscillatory coherence
between the mPFC and other brain systems (as HPC
and thalamus) in behaviorally relevant frequency
bands (theta, gamma, and SWR) (Section 4.6). This
impairs neural synchrony necessary for synaptic plasticity, impacting the formation of neural assemblies.
On the other side, reduced neural synchrony affects
the coordinated firing of prefrontal neurons, resulting
in a reduced activation of previously formed neural
assemblies.
(3) Altogether, these alteration induced by chronic stress
may result in the impairment of the formation and
consolidation of neural assemblies that represent
adaptive cognitive maps in the mPFC, in a similar
manner as what occurs with hippocampal place cells
([110]; Section 3.3).
(4) In both humans and rodent models, these neurophysiological alterations induced by chronic stress result
in the impairment of the generation of behavioral
responses dependent on the prefrontal network, such
as working memory, selective attention, behavioral
flexibility, recall of the extinction of conditioned
fear, and decision making (Section 2.3). These behavioral alterations can be attributed to an inaccurate
formation, consolidation, and activation of neural
assemblies that represent cognitive maps in the PFC.

7. Hypothesis
The goal of the present review is to propose a framework
that unifies cognitive neuroscience and neurophysiological
evidence that attempts to explain the impairment of behavioral responses observed in chronic stress-related mental
disorders. As a first proposal, our hypothesis is that the
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the PFC. And the third proposal is that these anomalous
representations are the consequence of the chronic stressinduced impairment of the neural mechanisms involved in
the formation and/or consolidation of neural assemblies that
represent these cognitive maps in the PFC.

Chronic
stress

Synaptic
transmission

Reduced
neuronal firing

Oscillatory
coherence

Reduced
neuronal synchrony

Synaptic
plasticity

Reduced
modification
of connectivity

Anomalous activation and
formation of neuronal assemblies

Maladaptive cognitive map
of the perception-action cycle

Figure 2: Proposed mechanism by which chronic stress affects the
formation of neural assemblies related to cognitive maps in the PFC.
In a first step, chronic stress reduces excitatory synaptic transmission
in the PFC. This induces a reduction of firing in principal neurons.
Chronic stress also reduces activity-dependent synaptic plasticity in
the internal circuitry, and between the PFC and other brain systems.
Also chronic stress reduces oscillatory coherence in cognitive relevant frequency bands between the PFC and other brain structures,
resulting in a decreased synchrony between these and the PFC.
The decreased oscillatory coherence together with the decreased
synaptic plasticity results in an important reduction of the ability to
modify functional connectivity dependent on neural activity in the
PFC. Collectively, these impairments induce an aberrant formation
and activation of neural assemblies in the PFC, which result in the
development of maladaptive cognitive maps that link perceptual
information to a repertory of erroneous actions, resulting in the
maladaptive behavioral response directed to goals.

behavioral alterations observed in chronic stress-related psychiatric disorders can be categorized into three classes [1]: (i)
exacerbated formation and implementation of maladaptive
behavioral responses, a feature known as negative-cognitive
bias, which manifests itself as the tendency to misinterpret
perceptual stimuli as aversive or threatening [61, 211], (ii)
exacerbated long-term recall of maladaptive memories, as
increased retention and recall of aversive memories [3, 6,
15], and (iii) behavioral perseverance, manifested as the
inability to adaptively update behavioral responses to novel
environmental conditions [8].
The second proposal states that the above-mentioned
cognitive defects observed in psychiatric diseases are the
result of the anomalous and maladaptive formation of
cognitive maps that represent perception-action cycles in

7.1. Exacerbated Formation and Implementation of Maladaptive Behavioral Responses. These impairments result in the
development of aberrant cognitive maps that link perceptual
information to a repertory of erroneous actions, resulting in
the maladaptive behavioral response directed to goals. How
are these aberrant cognitive maps formed? In a first step, during the integration of perceptual information by the mPFC,
the hyperactivation of the amygdala induced by chronic stress
[209] can excessively transmit aversive-related information to
the PFC, through a chronic stress-induced enhancement of
spectral coherence at the theta band, between the amygdala
and the mPFC [172, 210]. This could form an association
between “neutral” perceptual environmental information and
“aversive” information transmitted by the amygdala, resulting
in a labile cognitive map and an incorrect perception-action
cycle. This association is encoded by neural assemblies in the
PFC that engage sparse representations stored in other neural
systems with the aversive information [56]. Simultaneously,
chronic stress decreases synaptic transmission and neural
firing in the PFC [72, 132, 133, 136, 137], which results in an
impairment for the implementation of executive functions,
like working memory, selective attention, and inhibitory
control [67–69]. The latter is required to inhibit amygdalar
function [212], which may favor the acquisition of maladaptive cognitive maps, resulting in the implementation of maladaptive associations between different rules and strategies to
accomplish different goals.
7.2. Exacerbated Long-Term Recall of Maladaptive Memories.
In a second step, the long-term storage of these maladaptive
cognitive maps may also be favored by chronic stress. Again,
hyperactivity of the amygdala may favor synchrony at the
theta oscillatory band between the PFC and the HPC during sleep, required to consolidate already formed cognitive
maps in the PFC by favoring the replay of existing neural
assemblies [205]. The chronic stress-induced decrease in PFC
firing favors consolidation through an increased correlation
between spikes and hippocampal SWR [136], resulting in
the replay and stabilization of maladaptive neural assemblies
in the PFC [96, 97]. Thus, labile acquired cognitive maps
become stable (and maladaptive). This process can also
be applied to the consolidation of aversive memories, as
observed in PTSD.
In a third step, chronic stress may enhance activation (i.e.,
recall) of these maladaptive cognitive maps. Upon the presentation of ambiguous perceptual information, chronically
stressed subjects activate more consolidated cognitive maps
that correspond to previously acquired and consolidated
maladaptive maps. This may be the consequence of the activation of neural assemblies that represent previously linked
distributed associative events related to the negative-biasing
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interpretation of environmental information observed in
chronic stress-induced disorders.
7.3. Impairment in Cognitive Flexibility. Chronic stress
impairs cognitive flexibility as observed in reversal learning
and set-shifting tasks [62, 68], suggesting that chronic stress
impairs the ability to update previously formed cognitive
maps or the perception-action cycle in the mPFC. Thus,
even when environmental conditions change, stereotyped
and maladaptive behavioral responses are maintained, as is
observed in the impairment of extinction of conditioned fear
induced by chronic stress [69, 72]. Importantly, neural assemblies that represent rules in the mPFC are updated with the
change of contingency [103], suggesting that the impairment
of behavioral flexibility prevents updating neural assemblies.
For example, Wilber et al. [71] showed that chronic stress
blocks the decrease of the firing rate in the mPFC required
for successful recall of extinction of conditioned fear memory
[80]. The impairment of synaptic transmission and plasticity
in the mPFC induced by chronic stress [68, 132, 133, 137]
may in turn impair the accommodation of previously formed
neural assemblies, resulting in persistence of maladaptive
cognitive maps for the perception-action cycle.

8. Concluding Remarks
In this review, we integrate evidence from cognitive neuroscience and behavioral neurophysiology with current knowledge of chronic stress-induced impairment in behavioral and
neuronal function in the PFC to formulate a hypothesis
on cognitive dysfunctions observed in stress-related neuropsychiatric disorders. We hypothesize that chronic stressinduced impairment of neural processes required for structuring neuronal assemblies in the PFC plays an important
role in the abnormal organization of behavior observed in
chronic stress-induced neuropsychiatric disorders. However,
our hypothesis, to date, is mainly sustained by indirect
evidence like the effect of chronic stress on the mechanisms
involved in configuring neuronal assemblies, rather than
observation of the effect of chronic stress on neural assemblies per se. Further research will complement and support
the current hypothesis. It is necessary to record neuronal
assemblies in the mPFC while executing cognitive functions
in animals subjected to chronic stress. Large-scale neuronal
recording methods [213] and high-resolution optical imaging
techniques to assess the precise spatiotemporal properties
of neuronal assemblies [214], together with manipulation of
neuronal assemblies [215, 216], will offer a comprehensive
picture leading us to an understanding of the physiopathology of chronic stress-related psychiatric disorders. These
experiments offer the opportunity not only to clarify the
relationship between chronic stress and neuropsychiatric
disorders, but also to associate the modification of neural
representations with behavioral performance.
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The brain evolved cellular mechanisms for adapting synaptic function to energy supply. This is particularly evident when
homeostasis is challenged by stress. Signaling loops between the mitochondria and synapses scale neuronal connectivity with
bioenergetics capacity. A biphasic “inverted U shape” response to the stress hormone glucocorticoids is demonstrated in
mitochondria and at synapses, modulating neural plasticity and physiological responses. Low dose enhances neurotransmission,
synaptic growth, mitochondrial functions, learning, and memory whereas chronic, higher doses produce inhibition of these
functions. The range of physiological effects by stress and glucocorticoid depends on the dose, duration, and context at
exposure. These criteria are met by neuronal activity and the circadian, stress-sensitive and ultradian, stress-insensitive modes of
glucocorticoid secretion. A major hallmark of stress-related neuropsychiatric disorders is the disrupted glucocorticoid rhythms and
tissue resistance to signaling with the glucocorticoid receptor (GR). GR resistance could result from the loss of context-dependent
glucocorticoid signaling mediated by the downregulation of the activity-dependent neurotrophin BDNF. The coincidence of BDNF
and GR signaling changes glucocorticoid signaling output with consequences on mitochondrial respiration efficiency, synaptic
plasticity, and adaptive trajectories.

1. Introduction
One paramount feature of higher organisms is to learn and
adapt to changing environments. It is a matter of survival
that requires the brain to convert immediate stimuli into
long-lasting changes of neural circuits through alterations of
neuronal structure and function [1–3]. Failure to adjust body
wide homeostasis in changing environment can cause the
organism to follow maladaptive trajectories with presumed
pathological consequences [1, 4, 5].
The goal of the present review is to give the cell biologists
vision of (mal)adaptive trajectories to stress focusing on
the link between the mitochondria and synapses to keep in
check “neuronal fitness” in changing environment. If adaptive
plasticity necessitates neurons to derail from homeostasis,
then disease vulnerability checkpoints could lie in the signaling loops linking mitochondria to synapses. Several studies
provide a useful framework for a pathway to neuropsychiatric

disorders by the concomitant reorganization of synaptic
territories and a dysfunction of mitochondria; but these two
responses are often investigated separately [6–10].
Adaptation of metabolism with respect to neural connectivity is presented as a mechanism of neuronal preservation
to positive and negative external stimuli. That is, neurons
could choose quiescence or growth to fit in their network
demands. In particular, the relation between synapses and
mitochondria, a pivot of neuronal plasticity, is here discussed,
emphasizing on its modulation by the stress hormone, glucocorticoid.

2. Linking Mitochondria to Synapse: A Role in
Neuronal Plasticity
Several studies indicate that physical proximity between
mitochondria and synapses is regulated by neuronal activity
[11, 12]. A significant fraction of neuronal mitochondria
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constantly moves along microtubule networks while the
remaining pool is captured where metabolic demand rises
[13]. This relation is proportionate, at least in the presynaptic
terminals. In the dendrites, the distribution of mitochondria
is heterogeneous and difficult to link morphologically with
one particular synapse given that mitochondria rarely penetrate into postsynaptic dendritic spines [14]. The functional
properties of mitochondria differ in axons and dendrites.
For example, mitochondria are more motile in the axons
as compared with the dendrites, and there is a greater
proportion of highly charged, metabolically active mitochondria in dendrites compared to axons [15]. The following
subsections describe mitochondrial functions responding to
neurotransmission and likely essential for the plasticity of
neuronal networks.
2.1. ATP Production. Synaptic activity consumes energy
mainly supplied by astrocytes, the biggest reservoir of glycogen in the brain. An elegant study [16] indicated that
hippocampal activity induced glycogenolysis, whose end
product, lactate, could be used by neurons to produce ATP
via glycolytic enzymes that others and we previously found at
the synapse [17, 18]. Disruption of lactate transport between
astrocytes and neurons impaired the retention of new memories of inhibitory avoidance [16]. Although this study raised
the importance of lactate as a signaling molecule or as a
source of energy for neurotransmission and behavior, it did
not refute the critical role of ATP derived from mitochondria
during synaptic plasticity. Neurons rely on mitochondria
more than glycolysis to produce ATP [19]. Previous experiments in cultures of hippocampal neurons mostly deprived
of astrocytes demonstrated a role for ATP derived from
mitochondria in long-term potentiation (LTP) and dendritic
spine morphogenesis. For instance, hippocampal neurons,
which express dominantly the mitochondrial isoform of the
creatine kinase [20], responded to a treatment of exogenous
creatine by increasing the number and activity of dendritic
mitochondria that coincidently nearly doubled the number
of synapses [21].
2.2. Calcium Homeostasis. Mitochondria are more than just
portable power stations. Mitochondria buffer calcium in
the presynaptic terminals and in dendrites after activation
of the NMDA receptors by physically coupling with the
smooth endoplasmic reticulum (SER) [22, 23]. The capture
of cytoplasmic calcium by mitochondria has a modulatory
role for neurotransmission at central synapses [24]. The
negatively charged electron gradient across the mitochondrial membrane attracts calcium into the matrix via the
low-affinity calcium uniport. This phenomenon is reversible
so brain mitochondria can store and release calcium [25].
Low levels of matrix calcium levels can control the activity
of the oxidative phosphorylation pathway thus changing
the rate of ATP production [26, 27]. In contrast, massive
accumulation of calcium within mitochondria is cytotoxic
and a typical response of glutamate hyperexcitation that can
result from disease conditions like stroke or epilepsy [25].
Interestingly, the expression of a cluster of activity-dependent
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and calcium-sensitive genes can provide neuroprotection
through a common process that renders mitochondria more
resistant to hyperexcitability [28].
2.3. Superoxide Production. Mitochondria produce and
release reactive oxygen and nitrogen species that are
necessary for synaptic plasticity, learning, and memory [29].
But the abundance of superoxides is extremely damaging
for proteins, mitochondrial DNA, and lipids. Therefore, the
redox function of mitochondria is also critical for neuronal
plasticity during ageing and disease conditions [30].
Remarkably, transgenic mice overexpressing the Superoxide
Dismutase 2 (SOD2) exhibit lower levels of mitochondrial
superoxides accompanied by normal long-term potentiation
(LTP), learning, and memory [31]. This study raises the
question whether mitochondrial redox functions are
more useful in disease conditions than in health. Indeed,
mitochondrial redox functions are breached in disease
conditions, causing substantial oxidative stress [32].
2.4. Nonapoptotic Caspase Signaling. Mitochondria also activate caspases in dendrites to trigger postsynaptic spine
elimination in response to NMDA-dependent long-term
depression (LTD) [33]. In particular, the cascade end product
caspase-3 is a protease for a broad range of cytoskeletal
substrates abundant in dendritic spines (e.g., gelsolin, spectrin, fodrin, and cofilin), in dendritic shafts (e.g., tau), and
for glutamatergic/neurotrophic signaling (e.g., calcineurin,
AKT) [34]. Consequently, it is hypothesized that mitochondria could participate in LTD by the pruning of synapses.
The question remains how synapses to be eliminated are
targeted by mitochondrial mechanisms. One possibility is
to prevent the spread of caspase signaling to unrelated
synapses by the deactivation of the ubiquitin proteasome in
hotspots of the dendrites [35]. Alternatively, the expression
of caspases is in tight equilibrium with the inhibitors of
apoptosis protein (IAP) that suppress generalized caspase
activation and neuronal death.
2.5. Mitochondrial Maintenance. The size and distribution
of mitochondria vary, spanning more than one postsynaptic dendritic spine for elongated mitochondria, while
large clusters of neighboring spines can be deprived of
dendritic mitochondria. The distribution of dendritic mitochondria depends on the processes of fission/fusion mainly
regulated by GTPases (DRP1, OPA1, MFN1, and MFN2)
[21, 36]. The fragmentation of mitochondria could serve
as a mechanism to cover the needs of distant clusters of
spines. In contrast, the elongation of mitochondria could
represent a mechanism to increase the ratio of mitochondria
per dendrites independently of mitochondrial biogenesis.
In terms of plasticity, trains of electrical stimulation elicit
slow and prolonged changes in mitochondrial ultrastructure
and membrane potential, modifying the proton gradients
across mitochondrial membranes necessary to produce ATP
[37]. High tetanic stimulation elicits the fragmentation and
translocation of mitochondria into enlarged dendritic protrusions in the stimulated region but not in the distant part
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of the same dendrite [21]. Both rapid and slow mechanisms
are likely involved in the maintenance of mitochondrial
function upon neuronal activation. Dendritic mitochondria
could be rapidly transported where ATP consumption and
necessity for energy are particularly high, as it takes place
at the active presynaptic terminals [38]. Also, the biogenesis
of mitochondria is a slow process, proportionate to neuronal
differentiation and growth [39].

3. Mitochondria Pay the Price of
Synaptic Plasticity
3.1. Mitochondria and Synaptic Scaling. Mitochondrial function is closely related to synaptic function. Synaptic scaling
is a form of synaptic plasticity that adjusts the strength
of all neuronal synapses to the demand of the network
[40]. Popular experimental paradigms for inducing synaptic
scaling are through the blockade or enhancement of network
activity in cultures [41, 42] or sensory deprivation in animal
models [43]. For example, the induction of neuronal activity
by electrical stimulation or chemical depolarization in cultures decreased the motility and fusion of mitochondria in
dendrites via activity-dependent calcium influx [13, 21]. This
phenomenon could reflect the synaptic capture of mitochondria as a function of synaptic activity resulting from the pause
of mitochondrial transport machinery at hotspots of intracellular calcium signaling. Notably, the calcium-sensing protein
MIRO, which links mitochondria to the kinesins microtubule
motor proteins, is essential for mitochondrial arrest upon
calcium influx through NMDA receptors [44]. In contrast,
global suppression of neuronal activity with TTX increased
the motility, fusion, and redistribution of mitochondria along
dendrites. Therefore, global changes in synaptic activity and
glutamate receptor blockers can modulate mitochondrial
depolarization and related functions [45]. Likewise, there
is a remarkable parallel between the changes in content of
synaptic and mitochondrial proteins in the visual cortex of
mice reared in the dark compared to mice living under
light/dark conditions [46]. Therefore, mechanisms exist for
reciprocal regulation of synapses and mitochondria.
Most brain energy is consumed at synapses to maintain
ion gradients and support the signaling responses of neurotransmission. The energetic cost of housekeeping neuronal
functions is predicted to be higher in the postsynaptic
dendrites than in the presynaptic terminals [47]. There
are limits to which mitochondria can support trains of
neuronal network activation. One example is the repetitive
discharges of excitation at hippocampal neurons during
epileptic seizures that produce severe mitochondrial dysfunctions, eventually resulting in neuronal death [48]. Modeling
experiments indicate that synaptic depotentiation is likely
desirable to support neuronal survival when energetic stores
are limited [19]. Therefore, negative feedback mechanisms
may have evolved to suppress synaptic potentiation that
would drain ATP stores upon high frequency stimulation.
One putative target that can sense low metabolic state is the
AMP-dependent protein kinase (AMPK), whose activation
impedes the transition from the early synaptic potentiation
phase to the long-term synaptic potentiation phase [49]. So
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neurons evolved protective cellular mechanisms for adapting
synaptic function with metabolism. By pushing neuronal
plasticity beyond the limits of homeostasis, one could learn
in the pathways that link mitochondria to synapses how
to promote adaptation. The next section will focus on the
synaptic and metabolic adaptation to traumatic stress.
3.2. Mitochondria and the Allostatic Load Model. Neuronal
networks are capable of adaptive responses because they
can reach a novel state of physiological stability each time
homeostasis is challenged. This phenomenon termed allostasis requires the setting of new metabolic, housekeeping,
and plasticity parameters in accordance with the external
demands. It is the nature of the allostatic load that should
define the amplitude of adaptation to reach without killing the
cells [50]. Therefore, signaling loops between mitochondria
and synapses are anticipated to be essential for coping with
the allostatic load [51]. The allostatic load model has been
extensively studied in the context of stress because of its
comorbidity with numerous human neuropsychopathologies
and, experimentally, it is admitted that stress is a starting
point for the development of chronic disease trajectories.
Studies of traumatic stress early in life emphasized the
important roles of the age and timing at exposure, the nature,
intensity, and duration of the stressor for developing enduring metabolic dysfunction, and neuropsychopathologies in
adulthood [52]. Consequently, there is not one but multiple
trajectories of adaptation to stress set by the interaction of
genetics, lifestyle, and the environment coming in different
flavors. Remarkably, twin studies revealed that distinct adaptive trajectories could also evolve from organisms with the
same genetic background and history [53–55]. These studies
naturally raised the question as to why some individuals are
vulnerable to disorders linked to stress (e.g., major depressive disorders, anxiety, and posttraumatic stress disorders)
whereas others are not despite similar stressful experiences
[56].
Stress, when chronic and uncontrollable, is a major risk
factor of neuropsychopathologies. Underlying mechanisms
are complex and cannot be ascribed to a single genetic or
environmental factor, but they usually result in dysfunctional metabolism and neuronal connectivity of cortical and
subcortical micro- and macrocircuits. So, neuropsychiatric
disorders induced by stress most likely arise from complex
interplay of genetics and environment. The level of stress hormones reflects perceived changes of the external world (e.g.,
threat, reward, and novelty) by readily diffusing throughout
the circulation, virtually accessing all cells of the organism
within the same time scale. For this reason, the physiology
and adaptive capacity of the hormonal stress response mediated by the hypothalamo-pituitary-adrenal (HPA) axis has
been intensively studied [57]. It is admitted that physiological
feedforward and feedback neuroendocrine loops control the
HPA axis as a function of the frequency and dose of internal
and external stimuli [58]. Alterations of these activation and
deactivation loops have been reported in patients suffering
from stress-related neuropsychiatric disorders and in animal
models [59, 60]. One important question remains if the
allostatic overload of stress relies on mechanisms of plasticity
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that link mitochondrial function to synaptic plasticity. From
the characterization of such mechanisms could emerge novel
modulators of stress-related neuropathologies.

4. Glucocorticoids Are Fast and Slow Acting
Modifiers of Synapses and Mitochondria
Stress and glucocorticoids have potent but complex effects
on neurotransmission, learning, and memory. The typical
inverted “U” shape response to glucocorticoids and stress
depends on the dose, duration, and context at exposure.
The convergence of several mechanisms is likely to explain
such biphasic responses. First, it could reflect the circadian
and ultradian oscillations of glucocorticoids secreted in the
bloodstream [57]. Second, it could reflect the interaction
of the stress-elicited norepinephrine and glucocorticoids
signaling that produces a response distinct from individual
pathways during the early learning and memory phases,
as a function of stressor intensity and duration [61–63].
Third, it could reflect the dynamics of dendritic spines that
can be modified by the changes of glucocorticoids levels
in the bloodstream, like the circadian- or stress-mediated
changes in oscillatory secretions. Glucocorticoid-induced
spine formation is rapid and temporally dissociated from
spine survival and elimination, which are slow and required
the synthesis of new gene products [64]. Correlation studies
suggest that dendritic spine patterning and mnemonic effects
on procedural learning afforded by glucocorticoids depend
on the dose, duration, and context at exposure [65].
Biphasic modulatory effects of glucocorticoids have been
described on mitochondrial function as well [66]. For example, stimulation of primary neurons with corticosterone
increased, in time- and dose-dependent manner, mitochondria calcium holding capacity, membrane potential, and
redox function. These effects depended also on the context
at exposure, producing neurotoxicity or neuroprotection,
respectively, with or without a cotreatment of kainic acid [66].
These findings recapitulate that of glucocorticoids on synaptic
plasticity, indicating that common or converging pathways
control synaptic and mitochondrial functions. There is evidence that such relation exists in vivo as well. Serial section
electron microcopy of synapses in the amygdala of animals
experiencing fear conditioning revealed that fear learning
increased the size of the postsynaptic density, the number of
presynaptic docking vesicles, and the number of mitochondria compared to naı̈ve controls and the conditioned inhibition group that learned safety conditioning [67]. This result
is in agreement with the glucocorticoid-dependent hypertrophic effects of amygdala neurons in the fear-conditioning
paradigm [58]. Other studies indicated that mitochondria ultrastructure and bioenergetics capacity are altered
in neurons or brain regions, which demonstrated synaptic
pathology (e.g., bipolar disorder, major depressive disorders,
schizophrenia, and Alzheimer’s disease) [68–71]. In vitro
studies indicated that glucocorticoids increased mitochondrial calcium holding capacity, mitochondrial membrane
potential, and mitochondrial oxidation rapidly and durably
depending on the dose [66]. Glucocorticoid receptors (GR)
are required for modulating mitochondria as well as dendritic
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spine turnover. The former involved the translocation of cytoplasmic GR-BCL2 complexes into the mitochondria [66]; the
latter required membrane bound GR presumably localized at
the synapse in the motor cortex [64] and previously described
in the postsynaptic dendrites of amygdala neurons [72].
The exact roles of GR at the synapse or in mitochondria are uncertain (Figure 1). However, new evidence points
toward a role for GR signaling derived from mitochondria
and synapses on the dynamics of the actin polymerization
between G-actin and F-actin cytoskeleton via the LIMK1cofilin pathway [64, 73]. The assembly and disassembly of
G-actin to F-actin are critical for many cellular processes,
including cell motility, migration, dendritic spine morphogenesis, endocytosis, and focal adhesion of mitochondria
at pre- and postsynaptic membranes [74]. Interestingly, the
broad-spectrum serine/threonine phosphatase calcineurin,
essential for functional and structural neuronal plasticity,
can be activated on both ends of the mitochondria-synapse
pathway. Calcium entry via the NMDA receptors activates
calcineurin, and depolarization of mitochondrial membranes
results in calcineurin activation, perhaps through the proteolytically activated caspase-3 pathway [75]. Other possible
pathways involve the transcriptional regulation of the nuclear
and mitochondrial genes bearing GR responsive elements
(GRE), demonstrated to participate in the process of oxidative phosphorylation (OXPHOS) in mitochondria [76].

5. Effects of Chronic Stress on
Mitochondria and Synapses
Aberrant mitochondrial function and metabolite levels (e.g.,
ATP) have been documented in patients suffering from
stress-related disorders [77, 78], suggesting that people harboring “low power” mitochondria could be more vulnerable to stress. The link between depression and rare polymorphisms in genes encoding for mitochondrial proteins
(TFAM, BCL2, TOMM40, and mitochondrial DNA) provided
valuable mechanistic insights although the sample size is
small [77]. The impact of these mutations coincides with
the reported increased fragmentation of neuronal mitochondria, the decrease of mitochondrial membrane potential,
the increase of ROS production, and the decrease of mitochondrial respiration and calcium buffering capacity after
exposition to chronic stress or chronic administration of
synthetic glucocorticoids [6]. One consensus is that prolonged glucocorticoid signaling could damage mitochondrial
functions whereas acute effects could facilitate mitochondrial
functions. Speculatively, the accumulation of damaged mitochondria could erode the bioenergetics capacity of neurons
particularly at risk during repetitive and intense challenges.
Consistent findings were reported in the brain and peripheral
cells of patients with major depressive disorders [79]. Interestingly, the brain regions featuring metabolic deregulation
and dysfunctional mitochondria are those also exhibiting
changes in neuronal connectivity and neurotransmission at
least in animal models [80, 81].
Protective mechanisms driven by the transcription of
nuclear genes evolved to limit damage of dangerous challenges. One such putative mechanism of resilience to stress
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Figure 1: The mitochondria-synapse signaling loop is modulated by glucocorticoids. Acute and moderate glucocorticoid peaks rapidly
promote the formation of new dendritic spines via a membrane GR coupled to the activation of the LIMK1-cofilin pathway. In contrast,
glucocorticoid-mediated spine elimination is delayed and requires the transcription of new gene products. GR is present at pre- and
postsynaptic membranes, in the cytoplasm, the nucleus, and the mitochondria. The exact mechanisms and series of molecular events are
unknown. Trains of electrical stimulation impose an intense energy demand that can result in mitochondrial fragmentation if unmet,
thereby increasing the ATP : AMP ratio, the activation of the AMP-sensing kinase to signal the local decrease of energy stores. New
mitochondria can be captured in a calcium-dependent manner where energy stores are low. The levels of intracellular calcium determine
whether or not to activate the calcium-dependent phosphatase calcineurin, which can be disruptive for the focal adhesion of mitochondria
by dephosphorylating cofilin, impacting on the polymerization of the acting cytoskeleton tethering membranes to the mitochondria.
Additionally, synaptic pruning can result from NMDAR-dependent LTD, calcium-dependent cytochrome c release whose end product is
the activated caspase-3. Caspase-3 exerts local nonapoptotic effects via a broad spectrum of synaptic substrates. To this end, caspase-3
activity is retained at hotspots thanks to transcription of inhibitors of apoptosis proteins (IAP), some of which are GR-regulated genes, and
by a constitutive active ubiquitin-proteasome degradation system from which caspase-3 can only be protected within the hotspots. Select
transcriptional targets of GR have been involved in the regulation of respiration, mitochondrial uncoupling, and elongation, the dynamics of
the actin cytoskeleton and synaptic plasticity.

is mitochondrial uncoupling operated by the family of
proteins UCP (UCP1–5) [82]. The expression of UCPs, in
particular UCP2, increases upon chronic stress resulting in
a collapse of mitochondrial membrane polarization, dissipating the proton gradient to produce heat rather than
ATP [83]. One advantage is to reduce the production
of superoxides, to decrease locally the ATP : AMP ratio,
resulting in the activation of the AMPK negative feedback pathway to reduce synaptic potentiation and increase

metabolism where needed [84–86]. Another consequence of
mitochondrial uncoupling is the elongation of mitochondria,
which increases calcium-buffering capacity and counteracts
mitophagy thereby enhancing mitochondrial functions not
related to OXPHOS. The shape and size of the mitochondria
are highly variable depending on the processes of fission
and fusion. For example, Mfn1, Mfn2, SOD1, and SOD2 are
downregulated by chronic exposure to corticosterone and
stress [87]. Remarkably, the knockout of UCP2 exacerbated
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the depressive-like phenotypes in a mouse model of chronic
inflammation featuring disrupted glucocorticoid levels [88].
Therefore, promoting mitochondrial uncoupling and restoring metabolic functions of mitochondria are potential disease
modifying strategies to cope with chronic stress.

6. Effects of Antidepressants on
Mitochondria and Synapses
Successful antidepressant therapies eventually increase mitochondrial functions and the number of functional synapses
where brain activity is reduced like in the prefrontal cortex
[89]. The best-known examples are calorie restriction and
voluntary exercise that enhance mitochondrial function with
demonstrated antidepressant effects. These studies indicated
that mitochondrial dysfunction and cortical atrophy could be
reversed by lifestyle modifications [87, 90, 91]. The adaptation
capacity of mitochondria and synapses to voluntary exercise
was almost null in UCP2 knockouts, suggesting that a mitochondrial mechanism related to UCP2 function is required
for appropriate bioenergetics adaptation of neurons to the
increased neuronal plasticity induced by voluntary exercise
[91].
The effect of tricyclic antidepressants was also evaluated
on metabolism and mitochondrial function. In vivo, the
incorporation of radiolabelled deoxyglucose is reduced in
several brain regions after a single injection of clomipramine
in an animal model [92, 93] and in the human brain
upon acute treatment with lithium [94]. Specifically, acute
treatment of cells in vitro with serotonin reuptake inhibitors
(SSRI), noradrenaline serotonin reuptake inhibitors (SNRI),
and monoamine oxidases inhibitors (MAOI) deteriorates
mitochondrial bioenergetics capacity [77]. Ketamine also
impaired mitochondrial bioenergetics capacity in vitro and in
vivo [95, 96]. Only one study [97] reported the amelioration
of OXPHOS with paroxetine. Although most antidepressants
reduced metabolic functions of mitochondria, the redox
functions increased in conditions that facilitate synaptic
functions [77, 98]. Ketamine, for example, ameliorated the
ratio of NADH/NAD+ by increasing SOD activity in the
rat brain [96] and in stem cell derived human neurons
in culture [99]. Speculatively, deterioration of OXPHOS
functions by antidepressants could underlie the many side
effects of treatment, whereas beneficial effects could involve
the amelioration of mitochondrial redox functions [100].
Strategies to boost mitochondrial bioenergetics and/or
redox functions alone or in combination with existing
therapies improved symptoms of stress-related disorders in
human and animal models. For example, 3 of 4 clinical trials
with creatine monohydrate in combination with antidepressant drugs accelerated the efficacy of treatment modalities
without improving the maximal therapeutic benefits in an
overall small sample size [101–104]. Remarkably, the use of
antioxidants (e.g., Zinc, N-acetyl cysteine, vitamin E, and
coenzyme Q10) as supplements in the treatment of neuropsychiatric disorders also provided some promising results
in major depression and bipolar disorder [105]. Another
potentially interesting target of the mitochondria-synapse
loop is AMPK because it is activated by intensive voluntary
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exercise and AMPK triggers the uncoupling mitochondrial
response [106]. Remarkably, the antidepressant effects of
exercise and ketamine depended on the activation of AMPK
at least in the hippocampus [107, 108]. Additionally, activation
of AMPK with the small molecule agonist AICAR was
sufficient and more efficient than exercise for promoting
antidepressant-like effects in diabetic mice [109]. Finally, the
brain-derived neurotrophic factor (BDNF) is a necessary
target of successful antidepressant therapies, whose signaling
modulates mitochondria biogenesis, respiration and redox
functions [39, 100, 110, 111], AMPK signaling, synaptogenesis,
and neurotransmission [112] as a function of glucocorticoid
levels frequently deregulated in patients suffering from stressrelated neuropsychiatric disorders [113–118]. This important
point raises the possibility that glucocorticoid and BDNF
signaling pathways are dependent and both necessary for the
efficacy of antidepressant therapies [119, 120].

7. Context-Dependent Glucocorticoid
Signaling: BDNF Is Context!
Glucocorticoids effects on mitochondria and synapses
depend on the dose, duration, and context at exposure
[121]. The effects of dose and duration recapitulated by
the acute and chronic stress paradigms were discussed
earlier. The context at exposure such as learning at the time
of glucocorticoid oscillation peak could produce unique
effects, temporally restricted, that are the results of the
coupling of neuronal activity with glucocorticoid signaling
in select neuronal networks [64, 121]. For example, a single
injection of glucocorticoids within minutes of motor skill
training enhanced motor learning. In contrast, similar dose
administered hours before or after has no effects on behavior,
on dendritic spine patterning, or on neurotransmission
[64, 122, 123].
Contextual glucocorticoid signaling is determined by (1)
the temporal window: survival of learning-associated new
spines and behavioral performance required that circadian
peaks and troughs remain normal during the week after
learning to consolidate the acquired memory in the form of
clusters of dendritic spines; and by (2) the spatial window:
plasticity occurred in the amygdala when learning fear
conditioning, in the hippocampus CA1 when electrically
stimulating the Schaffer collaterals, and in the motor cortex
when learning motor skill abilities. If true, glucocorticoidmediated spine plasticity during motor skill learning should
be specific of the motor cortex. Out of the context of motor
learning, glucocorticoids enhance the turnover of dendritic
spines in all the cortical regions tested (sensory S1, S2,
frontal cortex, and motor M1, M2), but these new spines are
short-lived and cannot survive at distant time point [65].
Only glucocorticoid signaling within the context of motor
learning elicited the survival of clusters of dendritic spines
for long periods of time, perhaps to store new information
[64]. Such coincidence detection of glucocorticoids signaling
with neuronal activity in the cortical circuits involved in
learning could be essential for the encoding of the memory
trace. It means that glucocorticoid therapies based on chronic
nonpulsatile treatment could cause spine patterning defects
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Figure 2: Neurotrophic priming of glucocorticoid signaling. (a) The coincidence of BDNF and glucocorticoid signaling triggers rapid and
slow effects different from the sum of genes regulated by individual pathways. Pathway-1: glucocorticoids impact the expression of GRregulated genes. Pathway-2: BDNF-induced GR phosphorylation could foster the recruitment of cofactors that change transcriptional output.
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range of targets. Image adapted from [124].

and cognitive disabilities by altering the coincidence [125].
Importantly, the recent discovery that memory does not
correlate with the long-term survival of dendritic spines in
the hippocampus suggests that cortical regions operate differently [126]. In this case, the role of hippocampal neurogenesis,
which is absent from the cortex, is obviously an important
aspect for future studies.
What could be the molecular mechanism of coincidence?
The convergence of two signaling pathways is anticipated:
(1) one known, the glucocorticoid, and (2) one unknown
but activity-dependent. If GR signaling is central for glucocorticoid spine plasticity and mitochondrial function, BDNF
signaling is a suitable candidate, pivot of activity-dependent
synaptic plasticity and mitochondrial function [112, 114, 127,
128]. Other putative candidate modulators of GR signaling
have also been described (e.g., norepinephrine, inflammatory
cytokines, FGF, and IGF1) [123, 129–132]. BDNF signaling
via its receptor TrkB can rewrite GR-mediated gene expression signature [133]. This effect resulted from a composite
response of (1) additive effects perhaps due to epigenetic
priming and of (2) unique effects at a select cluster of genes
that only responded to the coincidence of BDNF and GR
signaling (Figure 2).
Mechanistically, BDNF signaling elicits the phosphorylation of GR at serines 134 and 267, which fosters cofactor
recruitment like CREB1 to promote a novel gene expression
signature [133]. Among target genes, CRH expression is
decreased in the hypothalamus and increased in the amygdala

by GR signaling [58, 134]. In the context of BDNF signaling in
the hypothalamus, GR signaling used the CREB coactivator
CRTC2 as coincidence detector to activate or suppress CRH
expression with physiological consequences on the neuroendocrine responses of stress in mice [135]. In the context
of contextual fear learning, glucocorticoid-induced memory
consolidation of inhibitory avoidance required coincident
BDNF signaling in the hippocampus [136]. The effects of
concomitant BDNF and glucocorticoids signaling depended
on the dose, duration, and context at exposure [120].

8. Glucocorticoid Resistance in Stress-Related
Neuropsychiatric Disorders
Glucocorticoid resistance is a state of reduced tissue responsiveness to glucocorticoids [137, 138] observed in disorders
of chronic inflammation, during aging, in neuropsychiatric
disorders, and in neurodegenerative diseases. Major hallmarks of these conditions are the elevated levels of circulating
cortisol (due to a lack of GR-mediated negative feedback
control) and reduced BDNF levels [116, 119, 139, 140]. The
question remains whether deficits of BDNF can impair
context-dependent GR signaling that may set the stage for
developing GR resistance. Transcriptomic analyses of GRregulated genes in depressed patients compared to healthy
controls indicated that the expression of select clusters of
genes (e.g., anti-inflammatory) is impaired while others are
not affected [141]. Such selectivity at target genes indicates
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Table 1: Summary of the cellular and physiological effects of BDNF, glucocorticoids, stress, major depressive disorders, and antidepressant
therapies.

Synaptic
structure
Synaptic
function
Mitochondria
structure
Mitochondria
energetics
function
Mitochondria
redox
function
Learning and
memory
Despair and
anxiety

BDNF

Glucocorticoids

Stress

Major
depression

Antidepressant therapies

Formation,
maintenance

Formation, elimination,
and maintenance#¶

Formation, elimination#¶

Elimination¶

Formation, maintenance#¶

Potentiation

Potentiation, depression#¶

Potentiation, depression#¶

Depression¶

Potentiation#¶

Biogenesis∗

Augmented/diminished#∗

Augmented/diminished#

Diminished¶

Augmented/diminished#∗

Augmented ¶

Augmented/diminished#∗

Augmented/diminished#∗

Diminished¶

Augmented/diminished#∗

Augmented¶

Augmented/diminished#∗

Augmented/diminished#

Diminished¶

Augmented#∗

Augmented¶

Augmented/diminished#

Augmented/diminished#

Diminished

Augmented#

Diminished¶

Augmented/diminished#

Augmented/diminished#

Augmented

Diminished#

#: effect depends on the dose, duration, and context at exposure.
¶: effect is specific of the brain region.
∗: effect demonstrated in cultured cells.

that mechanisms of glucocorticoid resistance are complex,
resembling a loss of context-dependent GR signaling.
Several mechanisms of GR resistance have been proposed: (i) a decreased expression of GR that has been
reported, as much as the increased expression of inactive
splice variants [142], (ii) rare mutations in the GR that
can cause a generalized glucocorticoid resistance syndrome
[143], (iii) impaired epigenetic control of GR-regulated gene
expression by HDAC2 [144, 145], and (iv) the transport of
GR into mitochondrial matrix which fails in cells resistant to
the biological effects of glucocorticoids [146, 147]. Remarkably, glucocorticoids modulate mitochondrial biogenesis and
OXPHOS pathway by regulating the transcription of the
mitochondrial genome [148, 149]. Amidst the complexity,
context-dependent GR signaling in the form of BDNFpriming of GR signaling could unify the neurotrophic
hypothesis [150] and the glucocorticoid hypothesis [151] of
depression by modulating mitochondrial responses.

9. Conclusions
Glucocorticoid resistance is a common feature of ageing,
neurodegenerative diseases, and neuropsychiatric disorders,
conditions that can be ameliorated with BDNF mimetic therapies (e.g., electroconvulsive shock, deep brain stimulation,
antidepressant drugs, and exercise). Table 1 summarizes the
effects of BDNF, glucocorticoids, stress, major depressive
disorders, and antidepressant therapies on mitochondrial
and synaptic functions. In theory, chronic antidepressant
treatment, BDNF signaling, and context-dependent GR signaling should be associated with improved mitochondrial
functions and positive neuroplasticity. In reality, antidepressants improve the redox function while deteriorating

the bioenergetics capacity, which could explain the mixed
benefits of such treatments. On the contrary, inherited and
environmental factors that diminished BDNF and GR functions can aggravate the progression of neuropsychiatric disabilities. This is the case of highly penetrant gene mutations
in BDNF (Val66met, [152, 153]), TrkB (Y722C, [154]), FKBP51
(rs1360780 [155]), 5-HTTLPR (rs6354 and rs2020936 [156,
157]), and COMT (Val158Met [158]). Likewise, chronic stress,
disrupted circadian rhythms, chronic neuroinflammation,
and chronic high dose glucocorticoid therapies are associated
with “low power” mitochondria and negative neuroplasticity.
BDNF and glucocorticoids are essential for cognitive
functions and stress coping. Deregulation of their activities is
a risk factor for developing psychiatric disorders by impairing
synaptic plasticity of brain circuits mediating reward learning, while bolstering circuits mediating aversion learning.
Future strategies aiming at boosting mitochondrial functions
will identify new targets against GR resistance, perhaps at
intersection of BDNF and glucocorticoid signaling pathways
in specific circuits.
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[122] H. Karst and M. Joëls, “Corticosterone slowly enhances miniature excitatory postsynaptic current amplitude in mice CA1
hippocampal cells,” Journal of Neurophysiology, vol. 94, no. 5,
pp. 3479–3486, 2005.
[123] B. Roozendaal, S. Okuda, E. A. Van Der Zee, and J. L. McGaugh,
“Glucocorticoid enhancement of memory requires arousalinduced noradrenergic activation in the basolateral amygdala,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 17, pp. 6741–6746, 2006.
[124] W. M. Lambert, C.-F. Xu, T. A. Neubert et al., “BDNF-signaling
rewrites the glucocorticoid transcriptome via glucocorticoid
receptor phosphorylation,” Molecular and Cellular Biology, vol.
33, no. 18, pp. 3700–3714, 2013.
[125] S. J. Lupien, F. Maheu, M. Tu, A. Fiocco, and T. E. Schramek,
“The effects of stress and stress hormones on human cognition:
implications for the field of brain and cognition,” Brain and
Cognition, vol. 65, no. 3, pp. 209–237, 2007.
[126] A. Attardo, J. E. Fitzgerald, and M. J. Schnitzer, “Impermanence
of dendritic spines in live adult CA1 hippocampus,” Nature, vol.
523, no. 7562, pp. 592–596, 2015.
[127] Y. Lu, K. Christian, and B. Lu, “BDNF: a key regulator for
protein synthesis-dependent LTP and long-term memory?”
Neurobiology of Learning and Memory, vol. 89, no. 3, pp. 312–
323, 2008.
[128] M.-M. Poo, “Neurotrophins as synaptic modulators,” Nature
Reviews Neuroscience, vol. 2, no. 1, pp. 24–32, 2001.

Neural Plasticity
[129] P. Schmidt, F. Holsboer, and D. Spengler, “𝛽2 -adrenergic receptors potentiate glucocorticoid receptor transactivation via G
protein 𝛽𝛾-subunits and the phosphoinositide 3-kinase pathway,” Molecular Endocrinology, vol. 15, no. 4, pp. 553–564, 2001.
[130] M. Kaur, J. E. Chivers, M. A. Giembycz, and R. Newton, “Long-acting 𝛽2-adrenoceptor agonists synergistically
enhance glucocorticoid-dependent transcription in human airway epithelial and smooth muscle cells,” Molecular Pharmacology, vol. 73, no. 1, pp. 203–214, 2008.
[131] A. H. Miller, C. M. Pariante, and B. D. Pearce, “Effects of
cytokines on glucocorticoid receptor expression and function. Glucocorticoid resistance and relevance to depression,”
Advances in Experimental Medicine and Biology, vol. 461, pp.
107–116, 1999.
[132] C. L. Raison, L. Capuron, and A. H. Miller, “Cytokines sing the
blues: inflammation and the pathogenesis of depression,” Trends
in Immunology, vol. 27, no. 1, pp. 24–31, 2006.
[133] W. M. Lambert, C.-F. Xu, T. A. Neubert, M. V. Chao, M.
J. Garabedian, and F. D. Jeanneteauc, “Brain-derived neurotrophic factor signaling rewrites the glucocorticoid transcriptome via glucocorticoid receptor phosphorylation,” Molecular
and Cellular Biology, vol. 33, no. 18, pp. 3700–3714, 2013.
[134] S. Makino, P. W. Gold, and J. Schulkin, “Corticosterone effects
on corticotropin-releasing hormone mRNA in the central
nucleus of the amygdala and the parvocellular region of the
paraventricular nucleus of the hypothalamus,” Brain Research,
vol. 640, no. 1-2, pp. 105–112, 1994.
[135] F. D. Jeanneteau, W. M. Lambert, N. Ismaili et al., “BDNF
and glucocorticoids regulate corticotrophin-releasing hormone
(CRH) homeostasis in the hypothalamus,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 109, no. 4, pp. 1305–1310, 2012.
[136] D. Y. Chen, D. Bambah-Mukku, G. Pollonini, and C. M.
Alberini, “Glucocorticoid receptors recruit the CaMKII𝛼BDNF-CREB pathways to mediate memory consolidation,”
Nature Neuroscience, vol. 15, no. 12, pp. 1707–1714, 2012.
[137] G. P. Chrousos, S. D. Detera-Wadleigh, and M. Karl,
“Syndromes of glucocorticoid resistance,” Annals of Internal
Medicine, vol. 119, no. 11, pp. 1113–1124, 1993.
[138] G. P. Chrousos, A. Vingerhoeds, D. Brandon et al., “Primary
cortisol resistance in man. A glucocorticoid receptor-mediated
disease,” The Journal of Clinical Investigation, vol. 69, no. 6, pp.
1261–1269, 1982.
[139] C. M. Pariante, “Risk factors for development of depression and
psychosis. Glucocorticoid receptors and pituitary implications
for treatment with antidepressant and glucocorticoids,” Annals
of the New York Academy of Sciences, vol. 1179, pp. 144–152, 2009.
[140] K. G. Bath, A. Schilit, and F. S. Lee, “Stress effects on BDNF
expression: effects of age, sex, and form of stress,” Neuroscience,
vol. 239, pp. 149–156, 2013.
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Early life adversaries have a profound impact on the developing brain structure and functions that persist long after the original
traumatic experience has vanished. One of the extensively studied brain structures in relation to early life stress has been the
hippocampus because of its unique association with cognitive processes of the brain. While the entire hippocampus shares the
same intrinsic organization, it assumes different functions in its dorsal and ventral sectors (DH and VH, resp.), based on different
connectivity with other brain structures. In the present review, we summarize the differences between DH and VH and discuss
functional and structural effects of prenatal stress in the two sectors, with the realization that much is yet to be explored in
understanding the opposite reactivity of the DH and VH to stressful stimulation.

1. Introduction
Evidence has accumulated in recent years to indicate that
early life adversaries have a profound impact on the developing brain structure and functions, long after the original traumatic experience has vanished. One of the extensively studied
structures in the brain in relation to early life stress has been
the hippocampus. It is a unique structure in that it forms
rather late in embryonic life and continues morphogenesis
early in postnatal life [1–3]. The hippocampus is a focus of
attention because of its unique association with cognitive
processes of the brain. However, most studies describe effects
of behavioral manipulations on structure/function of the
dorsal hippocampus, but there are strong indications that
while the entire hippocampus shares the same intrinsic
organization, it assumes different functions in its dorsal and
ventral sectors (DH and VH, resp.). The two sectors have
different connectivity with other brain structures, and they
differ in distribution of receptors, which leads to differences
in function, different sensitivity, and very often opposite
reactions to the same stimulus. In the following review, we
will summarize the differences between DH and VH and we

will carry on by describing some differential effects of stress
in the two sectors, with the realization that much is yet to
be explored towards understanding the opposite and longlasting reactivity of the two sectors to stressful stimulation.

2. Ventral Hippocampus: Is It Different from
the Dorsal Hippocampus?
The hippocampus has a curved shape that is conserved
across all mammals and is distributed from dorsal (= septal,
also called posterior in humans) to ventral (= temporal,
anterior in humans) poles. The dorsal and ventral sectors of
hippocampus (DH and VH, correspondingly) have different
connectivity with cortical and subcortical structures, with
the intermediate hippocampus sharing some properties with
the DH. VH has more dense connectivity with the amygdala
and hypothalamic endocrine and autonomic nuclei than DH
[4, 5]. The VH projects preferentially to the medial, intercalated, and basomedial nuclei of amygdala and the amygdalahippocampal transition area, while the DH distributes its
efferents in more lateral regions of the amygdala [6].
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Figure 1: A schematic diagram of the major connections of the dorsal (DH) and ventral (VH) sectors of hippocampus.

The projections from cingulate areas (infralimbic and prelimbic cortices) involved in emotional regulation primarily reach
the VH via input to the ventromedial parts of the entorhinal
cortex (EC), while the anterior cingulate and retrosplenial
cortices involved in spatial processing primarily project to
the DH via targeting dorsal and lateral parts of the EC.
Projections from the hippocampus to the EC originate in
CA1 region and the subiculum and show a topographical
organization similar to that of the EC-hippocampus inputs
[7, 8]. The projection of the major hippocampal output to the
lateral and medial septum (LS and MS, correspondingly) also
shows dorsoventral differentiation. Thus, the DH projects to
the small dorsal part of LS and dorsal and medial parts of MS,
while VH innervates the larger ventral part of LS and lateral
and ventral parts of MS [9, 10] (Figure 1).
The special character of the hippocampal connectivity
forms a difference in the neurotransmitter composition along
the axis of the hippocampus. Thus, cholinergic [11] and
dopaminergic [12] innervation is denser in VH. Likewise,
the concentrations of norepinephrine [13] and serotonin [14]

as well as the density of synaptic terminals containing these
transmitters are higher in the VH [15]. This differential distribution of several neuromodulators indicates that the VH is
more amenable to neuromodulation than the DH.
Differences in the connectivity of DH and VH determine
their functional distinction. Cross-species data show differences in connectivity with cortical and subcortical structures
and functional differentiation along the longitudinal axis of
hippocampus. This suggests that functional differences along
the long axis may exhibit a gradient-like organization [16, 17]
but that there are other connections that are restricted to
the DH or VH. It has been suggested that the DH plays a
crucial role in spatial learning and memory processes and
VH is involved in anxiety, fear, defensive behavior, and stress
related responses [18–24]. Studies with an animal model
of hippocampal damage showed that lesions in DH impair
spatial learning on tasks such as the Morris water maze
or elevated T maze while lesions in VH disrupt emotional
responses without impairments of spatial learning [25–29].
Massive activation of the DH during tasks that require spatial
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working memory was demonstrated by cFos staining as
well [30]. Interestingly, NR1 N-methyl-D-aspartate (NMDA)
receptor subunit deletion from the granule cells of the
dentate gyrus (DG) not only impairs short-term spatial
memory but also reduces anxiety [18]. The importance of
VH in anxiety-related behavior such as anorexia nervosa
was also shown [31]. Neonatal excitotoxic lesions of VH
in rats result in postpubertal hyperresponsiveness to stress
and cognitive abnormalities characteristic to those described
in schizophrenia (for review, see [32, 33]). The anterior
hippocampus in humans also shows anatomical [34] and
functional [35] abnormalities in patients that had suffered
from schizophrenia.
Single neurons in the DH and VH vary in their electrophysiological properties. While neurons recorded from CA1
area of DH and VH have similar spike discharge characteristics and could be classified into “complex spike” and “theta”
cells, less than one-fourth of cell population in VH have
“place” properties, and these have low spatial resolution,
while in DH they represent at least half of the cell population
with much smaller and better tuned place field size [36].
With respect to evoked field potentials and their plastic
properties, in particular, their ability to undergo short- or
long-term potentiation or depression (STP, LTP, and LTD,
resp., major cellular mechanisms that underlie learning and
memory processes [37]), DH and VH exhibit different properties as well. Examination of different forms of synaptic
plasticity uncovered an impaired ability of VH to produce
STP and LTP [38–41] and weaker synaptic inhibition with
lower levels of gamma-aminobutyric acid (GABA) receptor
A subunits [42, 43], which makes the VH more vulnerable to
epileptic activity [43, 44]. The low ability of VH to express
LTP might be due to its biochemical characteristics. Thus,
DH and VH are different in the distribution of different
subunits of NMDA receptors: the density of both NR2A
and NR2B subunits of NMDA receptors is higher in DH
than in VH [45, 46]. Moreover, the VH has lower levels of
mRNA expression for GluRA, GluRB, and GluRC subunits
of 𝛼-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors compared with DH [46].
There is evidence for selective activation of different
corticosteroid receptors in DH and VH in response to acute
stress exposure. The activation of mineralocorticoid receptors
leads to facilitation of LTP by enhancement of voltage-gated
Ca2+ channels in VH, whereas the suppressed LTP in DH is
mediated by activation of a glucocorticoid receptor [38].
Moreover, the VH differs from the DH in its sensitivity to
agents that release Ca2+ from its internal stores (caffeine/
ryanodine). Thus, VH exhibits higher sensitivity to ryanodine
than DH which results in a strong response to subthreshold
stimulation and is based on a higher level of Ca2+ -storerelated ryanodine receptors in VH [47, 48].

3. Changes of Synaptic Plasticity in
Dorsal versus Ventral Hippocampus
Early life adversaries have an impact on health status and
quality of life of individual and society at large; stress during
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pregnancy also has a profound role in the determination of
the destiny of fetus. There are a number of protocols utilized
in different laboratories to model prenatal stress (PS) in
animals. Simulating PS in laboratory animals and especially
interpreting and comparing the results from different groups
demand a special care due to many factors related to the
nature of the stressor(s) (type, duration, and “severity”), the
“time window” during the pregnancy during which stress
is experienced, genotype (wild type or genetically manipulated), and species (i.e., mouse, rat, guinea pig, or monkey)
of pregnant dams as well as the age and sex of assessed offspring. In the majority of publications, authors do not specify
the part of hippocampus that has been studied (DH or VH),
but we assume that it is mainly DH.
Severe stressful experience during the last week of pregnancy (immobilization or foot shocks) leads to long-lasting
changes of the properties of synaptic plasticity in different
brain areas, in particular, in hippocampus of offspring of
both genders. Thus, PS favors low-frequency stimulationinduced LTD and inhibits the high-frequency stimulationinduced LTP without affecting basal synaptic transmission
in the hippocampus of young (3- or 5-week-old) rats [49–
51] as well as in the frontal cortex of adult (3-month-old)
animals [52]. Fostering of PS offspring by nonstressed dams
to exclude the possible maltreatments of pups by the stressed
mother does not abolish the deleterious effects of PS on
synaptic plasticity [49, 51]. However, it has been shown that
the adoption or postnatal handling can reverse the negative
behavioral effects of PS in the adult offspring by altering
the activity of the HPA axis and subsequent stress-induced
corticosterone release [53, 54].
Yeh and colleagues [51] observed the effects of restraint
PS (for 45 minutes three times/day applied at the last week of
pregnancy) on synaptic plasticity at young age but the effect
disappeared in adult rats (at 8 weeks of age). In contrast,
the impairments of hippocampal synaptic plasticity caused
by foot shock PS (10 foot shocks/day during the last week
of gestation) persist to adulthood (8 weeks of age) in rats
as shown by Yang and colleagues [50] but can be cured by
an enriched environment treatment at young age. Similar
changes of synaptic plasticity after restraint PS during the
second week of gestation were seen also in 7-8-week-old male
mice [55].
Another approach to PS induction was used by Kinnunen
and colleagues [56] as well as by Murmu and colleagues [57].
As shown in [57], the unpredictable stress paradigm consisting of two sessions of three different stressors (restraining in
the tube, crowded housing, and forced swim, one on each
day during the last week of gestation) is raising blood plasma
corticosterone level in pregnant dams and is preventing them
from adapting to the stressor. This PS protocol was used in
other studies from the same group [58] and was adapted by
us [59, 60]. Using this relatively mild stress protocol, Yaka
and colleagues [58] were able to show that PS applied during
critical period of embryonal development causes deleterious
effect on synaptic plasticity of young (4-5-week-old) male offspring expressed as an impaired ability of CA3-CA1 synapses
in hippocampus to undergo LTP.
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In vivo examination of synapses formed by layer 2 of
the entorhinal cortex on the granule cells of the DG (the
perforant path) of hippocampus showed that short-lasting
mild PS (30 min of restraint, from day 15 to day 17 of
gestation) leads to facilitation of potentiation of the perforant
path in the adult (at 10 weeks of age) offspring [61].
A recent in vivo study employed an amplified broad
band traffic noise to induce PS and show that either short(1 h) or long-term (2 or 4 h) exposure to traffic noise affects
basal synaptic transmission and impairs posttetanic and longterm potentiation in hippocampus [62]. Rats that were noise
stressed for 1 or 2 hours showed deficit in posttetanic phase
of potentiation; however, they expressed similar magnitude of
LTP at the end of recording session (∼2 hours after tetanus).
Rats that were prenatally exposed to 4 hours of noise showed
constant decline of EPSP slope, which went under baseline
values after 2 hours of recording. This could be interpreted
as a PS-induced complete loss of ability to express LTP and
an appearance of LTD instead. This observation is actually in
line with the findings of Gi and colleagues [55] and Yang and
colleagues [49] on facilitation of LTD in prenatally stressed
animals. Unfortunately, no information on PS impact on
synaptic plasticity in VH was provided in these studies.
PS enhances the responsiveness of organisms to acute
stress exposure [49, 50, 63–66] via chronic activation of HPA
axis that is confirmed by hypertrophy of the adrenal glands
[67], which could also underlie the increased vulnerability
to develop affective disorders later in life. It has been shown
that PS experienced at the third, but not at the second,
week of gestation of Sprague-Dawley rats leads to prolonged
elevation of the glucocorticoids level in response to acute
stress [68]. The alterations in the reactivity of HPA axis in
PS rats are correlated with the functional changes of different types of corticosteroid receptors. Thus, PS results in
the downregulation of both high-affinity mineralocorticoid
receptors (MRs) and low-affinity glucocorticoid receptors
(GRs) in rats’ offspring [34, 53, 69–71], affecting the binding
capacity of MR only [53].
The mechanisms underlying PS impact on hippocampal
synaptic plasticity involve tissue plasminogen activator as
well as an imbalance in levels of pro- and mature-BDNF (mBDNF), most likely due to reduced BDNF gene expression
and inhibition of conversion of pro-BDNF to m-BDNF [51,
72, 73]. Interestingly, in mouse model for Alzheimer’s disease
(APPswe/PS1dE9), PS could cause changes in pro- versus
m-BDNF levels in hippocampus of 8-month-old female
offspring only [74, 75]. Sierksma and colleagues [74, 75] also
used chronic restraint stress comparable with [51] but they
applied it during the first week of gestation.
Another mechanism that could be involved in processes
of regulating synaptic plasticity includes the changes in the
functionality of NMDA receptors and their subunits that are
important in the induction of both LTP and LTD [76, 77].
The changes in expression of different subunits of the NMDA
receptors in different hippocampal fields after PS exposure
were shown in [55, 56, 58, 78, 79]. Unlike Yeh and colleagues
[51], these studies found that PS not only reduces the levels of
NR1 and NR2B subunits but also impairs synaptic localization
of the NMDA receptors (low number of complexes associated
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with PSD95, a NMDA receptor-anchoring molecule). This
suggests that PS induces changes in functional activity and
distribution of NMDA receptor subunits between DH and
VH resulting in different responsivity to stress of the two
sectors of hippocampus [38, 39, 45–47, 80].
PS-induced alterations in neurotransmission could
underlie the impaired ability to express LTP. In our own
studies, we were able to show that PS affects network properties of hippocampal neurons, by reducing GABA-ergic
inhibition [59]. PS-induced epigenetic modification of
GABA-ergic interneurons not only in hippocampus but also
in frontal cortex of young and adult mice mediated by overexpression of DNA methyltransferase associated with a
decrease in reelin and GAD67 expression was shown by Matrisciano and colleagues [81]. The alterations in the main excitatory glutamate neurotransmission that are believed to play
a role in the pathophysiology of several neuropsychiatric disorders, including schizophrenia, epilepsy, and anxiety, were
shown in a study by Marrocco and colleagues [82]. One of
the important aspects of that study is the discrimination
between the DH and VH. Interestingly, most of their findings were restricted to the VH. Thus, the restraint of dams
during the second half of pregnancy (from day 11 until
delivery) caused selectivity to VH long-lasting (tested at 3
months of age) reduction of both glutamate release and
synaptic vesicle-associated proteins (such as Rab 3A,
Munc-18, synaptobrevin, syntaxin-1, synaptophysin, and
synapsin) in PS male offspring. The reduction in the activity
of mGlu1/mGlu5 receptors in VH of male but not of female
offspring was reported earlier by the same group [73].
Interestingly, the deleterious effects of restraint PS on glutamate release in VH as well as some abnormalities in behavior
including increased anxiety-like behavior were successfully
ameliorated by antidepressants (fluoxetine and agomelatine)
[83].
We also showed that gestational stress in rats selectively
modulates noradrenergic (NA) effects in hippocampus of the
offspring causing suppression of the ability to convert STP
into LTP in the DH and its facilitation in the VH (Figure 2)
[60]. An increased plasma noradrenaline level in adult (at 5
months of age) offspring in response to foot shock PS [66] and
an impairment in the development of NA neurons in pups
from dams exposed to cold stress during the second half of
pregnancy were also shown recently [84].

4. Ventral Hippocampus and
Anxiety-Like Behavior
PS has a lasting effect on the behavior of animals but the
data reported by different research groups is conflicting. For
review of human studies, see [85, 86]. In the framework of
the current review, we will focus on changes in hippocampusdependent/related behaviors in rodents. VH is believed to be
involved in anxiety and fear related behavior [19–21, 24, 25,
87]. One of the widely used behavioral tests to assess anxiety
in rodents is the elevated plus maze (EPM) test. It is based
on a conflict between the rodent’s preference for protected
area and its motivation to explore novel environments. The
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Figure 2: Effect of Isoproterenol, a 𝛽-adrenergic agonist, on EPSPs recorded in stratum radiatum of DH (a) and VH (b) hippocampal slices
from control and prenatally stressed (PS) rats (at 2-3 weeks of gestation). The arrows denote the points at which short tetanic stimulation
(35 stimuli at 100 Hz) was delivered, twice to one pathway. Short tetanic stimulation, which normally produces only short-term potentiation,
applied in the presence of Isoproterenol, produced a full-blown LTP in DH slices of control group (full circles, (a)) and in VH slices of PS rats
(open circles, (b)), but not in the other conditions tested (adapted from Grigoryan and Segal [60]).

avoidance of the open arm by an animal is considered as an
anxiety-like behavior [88, 89]. Several studies showed that
the exposure to stress during gestation causes changes in
emotional status of offspring of both genders. The striking
gender-dependent difference in offspring response to PS was
exemplified by Zuena and colleagues [73] who showed that
males are more prone to developing anxiety-like behavior
in the EPM than females that showed reduced anxiety. The
increase in anxiety in PS adult offspring (3 months of age)
males reported by Zuena and colleagues [73] is consistent
with the observations published by the same group [54, 82]
as well as with the other studies that utilized traffic noise or
varied stressors protocol for prenatal treatments [62, 90, 91].
As to the reduction in anxiety in PS females, it is in disagreement with higher anxiogenic effect of PS in young (5
weeks of age) and young adult (60 days of age) females than in
males reported by Salomon and colleagues [90]. In our
hands, varying PS during the last week of gestation shifts
the emotional balance of young (1 month of age) male
offspring into the “less anxious” direction (i.e., PS rats spent
more time in the open arm than control rats), and it was
correlated with higher motility in the open field and the
EPM [59]. Similar effects in young (35 days of age) male
offspring as a result of a single but intense PS (120 minutes
of maternal immobilization at 16th day of pregnancy) were
seen by Cannizzaro and colleagues [92]. Two hours of
restraint PS during the second half of pregnancy also leads
to more active exploratory behavior in male offspring of
the same age [93]. In another study, prenatal restraint stress
induced schizophrenic behavior expressed as an increase in
locomotion, decreased social interaction, deficit in prepulse
inhibition, and contextual fear conditioning was found in

adult male rats and male mice [81, 94]. Behavioral profiles
indicative of greater emotionality [95] and submissive social
rankings [96] were found in the PS offspring of nonhuman
primates. In conclusion, the difference in type of maternal
stress used as well as the age of the tested animals may lead to
the different and sometimes opposite behavioral outcome of
PS in the offspring.

5. Prenatal Stress and Spatial Learning
The hippocampus, mainly its dorsal part, is believed to be
involved in spatial learning and memory processes in both
rats and primates [22]. However, both DH and VH support
Morris water maze (MWM) spatial learning task, where
animals have to learn to navigate to a hidden platform using
distal cues [97, 98]. The impaired performance in spatial
learning of PS young and adult rats independently of type
of stressor used during the last week of pregnancy was
shown in a number of studies [50, 55, 62, 94, 99–101]. Using
mild stress protocol, Yaka and colleagues [58] and Yang and
colleagues [49] were able to show deleterious effect of PS
on performance of 4-5-week-old male offspring in MWM.
In contrast, in our studies, PS did not impair the behavior
of young male rats in MWM learning task and they were
actually improving faster than controls during the acquisition
phase [59]. The reasons for this discrepancy could be the
difference in experimental setup such as a size of the water
pool used for the task as well as the training protocol [97].
The facilitation of learning performance in radial maze of
mildly prenatally stressed adult (14-15 weeks of age) offspring
was shown in [61]. In another study, spatial learning in
MWM was not altered by PS in adult (3 months of age) male
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offspring but leads to an improvement of female offspring
performance [73]. In contrast, Wu and colleagues [100]
showed impaired performance in MWM of female but not of
male offspring. The gender-specific effect of PS on learning
in rats as shown by longer escape latencies in MWM in
adult (4 months old) and old (12 months old) male but not
in female offspring, which was correlated with higher basal
corticosterone levels and a lower density of hippocampal
corticosteroid receptors in females, was reported in [34, 91].
These observations are supported by the findings of longterm maladaptive behavioral stress responsivity found in
mice subjected to PS during the first week of gestation [102].
The anxiogenic behavior and the learning deficit in prenatally
stressed offspring are completely abolished by adrenalectomy
[91], which confirms the importance of elevated maternal
corticosterone in developmental origin of brain vulnerability
to PS. Interestingly, repetitive restraint stress during the
first week of pregnancy as shown in [75] affects long-term
memory acquired in object location task in 7-month-old male
mice only, while female offspring shows improved spatial
memory performance.
The importance of the timing of PS exposure on learning
outcome in adult offspring was shown by Kapoor and
colleagues [103]. Thus, the male offspring of guinea pigs that
were exposed to PS on gestational days 50, 51, and 52 exhibit
impaired spatial learning, while the offspring that was
stressed during later phase of in utero development (days 60,
61, and 62) appears to exhibit enhanced spatial learning [103].
A somewhat unique study demonstrated effects of PS on
cognitive functions in lambs. Prenatally stressed lambs were
impaired in a maze performance; they were also characterized
by increased fear reactions and pessimistic-like judgment in
a cognitive bias test [104].

6. Impact of Prenatal Stress on Dorsal and
Ventral Hippocampal Morphology
PS influences behavior and memory processes of offspring
and it is likely associated with morphological changes in the
brain. All studies that have investigated PS-induced changes
of brain morphology were focused mainly on DH. To our
knowledge, no specific differences of PS effects in DH versus
VH have been reported, which leaves an open question of
whether PS impacts specifically the morphology of VH.
The age dependence of prenatal restraint stress-induced
changes in dendritic morphology of hippocampal pyramidal
neurons of areas CA1 and CA3 was shown by Martı́nezTéllez and colleagues [93]. They found that CA3 area of
the hippocampus is more prone to PS exposure resulting in
a decrease in dendritic spine density in prepubertal (at 35
days of age) and adult (at 65 days of age) male offspring,
while in the area CA1 the decrease of spine density is
characteristic of adult rats only. Interestingly, CA1 pyramidal
neurons of hippocampus from prepubertal PS animals were
characterized by an increased spine density [93, 105]. In
a recent study by Petit and colleagues [106], higher spine
density on apical dendrites in the CA1 area of hippocampus
of PS lambs immediately after birth was shown [106].
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PS during the last week of pregnancy leads to dendritic
atrophy expressed as a shortened total length and reduced
number of branching points of the apical dendrites of
pyramidal neurons of area CA3 of DH also in prepubertal
female offspring [78, 105]. In another study that utilized the
same stress induction protocol, it was shown that PS does not
have an effect either on the total number of neurons or on
amount and distribution of both apical and basal dendritic
arbors as well as on total spine density of pyramidal neurons
of CA1 region of hippocampus in 5-week-old offspring of
both genders [51]. Dendritic morphology of CA1 pyramidal
cells was not affected in adult (2 months of age) male offspring
as well [99].
The decreased synaptic density, length and number of
dendritic segments, branching of granule, and CA3 pyramidal hippocampal neurons of young (35-day-old) and adult
(2-month-old) male offspring after varied (crowding and
daily saline injections during the last week of pregnancy)
or restraint PS were demonstrated in other studies as well
[99, 107].
PS alters neural and hormonal status also in nonhuman
primates as shown in [95]. Thus, 3-year-old male and female
offspring of rhesus monkeys that were stressed during early
and late periods of their in utero development (for 25% of
their 24-week gestation, an acoustical startle protocol) were
characterized by a 10% reduction in hippocampal volume
and inhibition of neurogenesis in the DG associated with
increased HPA-axis activity [95]. Prenatal restraint stress as
well as varied PS not only induces lifelong reduction of neurogenesis in DG of rat’s hippocampus, especially in VH, but
also inhibits the facilitation of neurogenesis by learning [67,
108, 109]. However, it was suggested that PS exerts a genderspecific effect on neurogenesis by increasing cell proliferation
in the DG of female offspring only [110]. Electron microscopy
examination revealed abnormal ultrastructural appearance
of hippocampal neurons and myelin sheath in offspring,
which was exposed to PS during middle or late stages of
embryonal development. In addition, male rats expressed
greater impairment than females in these parameters [101].
Moreover, short-lasting mild PS (30 min of restraint, from
day 15 to day 17 of gestation) enhances neonatal neurogenesis
in hippocampus of 10-week-old male rats, while long-lasting
severe PS (240 min of restraint, from day 15 to day 17 of
gestation) impairs morphology of hippocampal neurons.
Mineralocorticoid and glucocorticoid receptors contribute to
PS-induced changes [111].
Morphological analysis of cultured hippocampal cells
revealed a reduction in the density of GABA-ergic neurons
and the more elaborate dendritic tree of cultured neurons
taken from the offspring of PS mothers. However, no difference in dendritic spine density and in the proportion of
different spine subtypes was reported [59].
PS causes alterations of neuronal morphology in other
young and adult rat brain areas such as nucleus accumbens
[93, 112], prefrontal cortex [65, 112], and dorsal anterior
cingulate and orbitofrontal cortex [57] as well as corpus
callosum of young monkey’s brain [113] and prefrontal cortex
of brain of newborn lamb [106].
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7. Conclusions
There are apparent long-term changes in the brain and specifically in the hippocampus following maternal exposure to
stress or to stress hormones. These changes are long lasting, as
they are caused by epigenetic regulation of gene expression in
the brain, as well as by causing stable morphological change
in the young, plastic brain. The outcome of these alterations
can lead to neurological and psychiatric disorders at a later
age. The possible amelioration of the detrimental effects of the
adverse stimulation by activation of brain circuits underlying
reward and pleasure is now emerging as a promising avenue
of repair.
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Stress is a major risk factor in the onset of several neuropsychiatric disorders including anxiety and depression. Although several
studies have shown that social isolation stress during postweaning period induces behavioral and brain molecular changes, the
effects of social isolation on behavior during adulthood have been less characterized. Aim of this work was to investigate the
relationship between the behavioral alterations and brain molecular changes induced by chronic social isolation stress in adult
male mice. Plasma corticosterone levels and adrenal glands weight were also analyzed. Socially isolated (SI) mice showed higher
locomotor activity, spent less time in the open field center, and displayed higher immobility time in the tail suspension test compared
to group-housed (GH) mice. SI mice exhibited reduced plasma corticosterone levels and reduced difference between right and
left adrenal glands. SI showed lower mRNA levels of the BDNF-7 splice variant, c-Fos, Arc, and Egr-1 in both hippocampus and
prefrontal cortex compared to GH mice. Finally, SI mice exhibited selectively reduced mGluR1 and mGluR2 levels in the prefrontal
cortex. Altogether, these results suggest that anxious- and depressive-like behavior induced by social isolation stress correlates with
reduction of several neuroplasticity-related genes in the hippocampus and prefrontal cortex of adult male mice.

1. Introduction
Chronic stress is recognized to be a major risk factor for
several psychiatric disorders, including anxiety and depression [1–3]. In the presence of an environmental stressor,
the body responds with major modifications of the normal homeostasis, including alterations of the hypothalamicpituitary-adrenal (HPA) axis, the major neuroendocrine
system activated by stressful experiences [4, 5]. Activation of
the HPA induced by stress culminates with the release of corticosterone (CORT) from the adrenal glands. These processes
are finely controlled by neuronal activity of the hippocampus
(HPC) and prefrontal cortex (PFC), which exert a negative
feedback on the HPA axis activation. Interestingly, it has been
reported that both hyper- and hypoactivation of the HPA
axis are associated with increased susceptibility to developing
psychiatric disorders [6, 7].

In order to better understand the etiology of depression
and anxiety and to develop new treatments, valid and reliable
animal models are needed [8]. Several chronic stress methods, either physical or psychosocial, have been described
to promote modifications in behavior, brain structure, and
neuroendocrine system in rodents [8–12]. Because psychiatric disorders in humans have been linked prevalently with
social stress and/or reduced social interaction rather than
physical stress [13–16], there is an increasing interest in
developing chronic social stress paradigms for modeling
psychiatric disorders in animal models. Different models of
chronic social stress are able to induce various modifications
in the behavior, brain function, and neuroendocrine system
[17–20]. While it has been extensively reported that social
isolation (SI) rearing induces long-lasting effects on behavior
and brain structure in rodents, the behavioral consequences
of SI in adult animals, especially in mice, have been less
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investigated [21–27]. Moreover, the molecular mechanisms
underlying these modifications are still not fully understood.
Chronic stress-induced behavioral modifications have
been correlated with changes of neuroplasticity-related genes
in different brain areas, including neurotrophic factors,
metabotropic glutamate receptors, and immediate early genes
[11, 28–31]. In particular, Brain-Derived Neurotrophic Factor
(BDNF), a brain plasticity marker, has been extensively investigated and associated with stress response, depression, and
anxiety [31–36]. The BDNF gene is a complex gene, formed
by at least eight 5 noncoding exons, each of which can be
alternatively spliced to a common 3 protein-coding exon, to
generate different transcripts [37, 38]. The complex structure
of the BDNF gene allows the distinct BDNF splice variants
to be differentially expressed in subcellular localizations, in
specific brain regions and in response to distinct stimuli
[35, 36, 38–41]. However, it is not known whether and how the
BDNF splice variants are differentially regulated in the HPC
and PFC of socially isolated mice.
In this study, we assessed the effect of SI stress on
anxious- and depressive-like behaviors in adult male mice.
Moreover, we measured the plasma CORT levels and the
adrenal gland weight in socially isolated and grouped mice.
Finally, we investigated whether the expression of total BDNF,
BDNF splice variants, and other neuroplasticity-related genes
(mGluR1, mGluR2, mGluR5, c-Fos, Arc, and Egr-1) were
altered in the HPC and PFC of socially isolated compared to
grouped adult male mice.

2. Materials and Methods
2.1. Animals. Male C57BL/6J mice that are 8 weeks old were
purchased from Charles River (Calco, Italy) and allowed to
acclimatize 1 week before being randomly divided in socially
isolated (SI) and group-housed (GH) groups. Mice were
maintained in a standard 12 h light/dark cycle, temperature
controlled room (21 ± 1∘ C), with access to food and water ad
libitum.
All animal procedures were conducted according to
current regulations for animal experimentation in Italy and
the European Union and were approved by the Italian
Ministry of Health. To reduce the number of animals used, in
agreement with the 3R guidelines, we performed behavioral
and molecular analysis in the same cohort of mice. All
experimental procedures involving animals were performed
in accordance with the European Community Council Directive 86/609/EEC and were approved by Italian legislation on
animal experimentation (Decreto Legislativo 116/1992).
2.2. Experimental Procedure. Nine-week-old male mice were
individually housed (socially isolated: SI) or group-housed (4
mice per cage; group-housed: GH) in standard mouse cages.
Mice were tested in the open field test (OFT) on day 28 and
in the tail suspension test (TST) on day 31 (Figure 1(a)). Mice
were sacrificed on day 33 and blood, adrenal glands, HPC,
and PFC were harvested (Figure 1(a)).
2.3. Open Field Test. OFT was conducted on day 28 as
described in Ieraci and Herrera [42] with some modifications.
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Briefly, mice were placed in the center of a 40 × 40 cm
square arena divided into central (20 cm × 20 cm) and
peripheral areas, with 35 cm high walls, for 10 min. The test
was conducted in a dimly lit room. The total distance traveled
and the time spent in the central and peripheral areas were
analyzed by a video-tracking system (Any-Maze purchased
by Ugo Basile, Varese, Italy).
2.4. Tail Suspension Test. TST was performed on day 31 as
described by Steru et al. [43]. Briefly, mice were individually
suspended by an adhesive tape, placed about 1 cm from the tip
of the tail, on a horizontal bar 50 cm above from the bench
top within a visually isolated area. A 6 min test session was
videotaped and an experimenter, blinded to the experimental
groups, recorded the total immobility time (defined as passive
hanging without any movements except respiration).
2.5. Adrenal Weight. To assess whether chronic social isolation stress affects adrenal glands weight, SI and GH mice were
sacrificed on day 33 and adrenal glands were removed and
pruned from fat and weighed. The left and right adrenals were
weighted separately for each animal. Values are reported as
the adrenal/total body weight ratio (mg/g).
2.6. Corticosterone Assay. For CORT levels measure, trunk
blood was collected on ice-cooled microcentrifuge tube
containing EDTA 0.5 M pH 8.00, and plasma was separated
by centrifugation and stored at −80∘ C. CORT levels were
measured using the corticosterone ELISA Kit (Enzo Life
Sciences, Florence, Italy) according to the manufacturer’s
instructions.
2.7. RNA Isolation and Reverse Transcription. Total RNA
from HPC and PFC was extracted using the Direct-zol RNA
MiniPrep (Zymo Research, purchased by Euroclone, Milan,
Italy) according to manufacturer’s instructions and then
quantified by absorption at 𝐴 260 nm measured by UV spectrophotometry (NanoVue, GE Healthcare Europe GmbH,
Milan, Italy). cDNA was synthesized from 1 𝜇g of DNasetreated total RNA using the iScript kit (Biorad, Milan, Italy)
according to manufacturer’s instructions.
2.8. Quantitative Real-Time PCR. qPCR analysis of mRNA
expression levels was performed on a 7900HT Fast PCR
System (Applied Biosystems, Monza, Italy) and iTaq Universal SYBR Green supermix (Biorad), as previously described
[35]. Primers used are listed in Table 1 and were either de
novo designed or previously published elsewhere [35, 44].
PCR cycling conditions were 10 min at 95∘ C, 40 cycles of 15 s
at 95∘ C, and 1 min at 60∘ C. Relative expression of mRNA
for the target genes was performed by the comparative
CT (ΔΔCT ) method using 𝛽-actin and GAPDH as control
reference genes. The relative mRNA levels were expressed as
fold change. Analysis of melting curve verified the specificity
of the PCR products.
2.9. Western Blot. Western blot was performed as previously
described [45]; briefly HPC and PFC were lysed in icecold RIPA buffer (0.15 mM NaCl, 0.05 mM Tris HCl, pH
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Figure 1: (a) Experimental schedule. Nine-week-old male mice were housed in groups (GH) or socially isolated (SI) throughout the
experimental period. The open field test (OFT) and the tail suspension test (TST) were conducted on days 28 and 31, respectively. Animals
were sacrificed on day 33. (b–e) Chronic adult social isolation stress induced hyperactivity and anxiety- and depressive-like behaviors in
male mice. In the OFT, SI mice showed reduced percentage of time spent in the center (b), increased total distance travelled (d), and only a
tendency to decreased percentage of distance travelled in the center (c). In the TST, SI mice showed increased total immobility time (e). Data
are presented as mean ± SEM (𝑛 = 7-8 per group). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01.
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Table 1: List and sequence of primers used in this study.

Gene
Real-time PCR
BDNF-1a
BDNF-2a
BDNF-3a
BDNF-4a
BDNF-6a
BDNF-7a
BDNF-8a
BDNFa
mGluR1
mGluR2
mGluR5
c-Fosb
Arc
Egr-1b
𝛽-Actina
GAPDHa
a

Forward

Reverse

CCTGCATCTGTTGGGGAGAC
ACCTTTTCCTCCTCCTGCG
TGAGACTGCGCTCCACTCCC
CAGAGCAGCTGCCTTGATGTTT
ACAATGTGACTCCACTGCCGG
ACTTACAGGTCCAAGGTCAACG
ATGACTGTGCATCCCAGGAGAAA
TCGTTCCTTTCGAGTTAGCC
CACAGCCCTTGCCAAAGAGAATGAG
CACCACCTGTATCATCTGGCTG
AGACGACCTGGCCAAACAAA
CTGCAGCCAAGTGCCGGAATC
AGCCCAAACTCAAGCGCTTT
CCTTCAATCCTCAAGGGGAGC
GCCAGAGCAGTAATCTCCTTCT
CGTGCCGCCTGGAGAAACC

CGCCTTCATGCAACCGAAGTAT
TGGATGAAGTACTACCACCTCGG
CGCCTTCATGCAACCGAAGTAT
CGCCTTCATGCAACCGAAGTAT
CGCCTTCATGCAACCGAAGTAT
GGACAGAGGGTCGGATACAG
CGCCTTCATGCAACCGAAGTAT
TTGGTAAACGGCACAAAAC
CACTCCACTCGAGGTTAACGGA
GAGCACCACAGAGCCACTGA
CTACTGCTCATGAAAGCCCACA
GGCAATCTCAGTCTGCAACGC
GAAGGCTCAGCTGCCTGCCTC
AACCGAGTCGTTTGGCTGGGA
AGTGTGACGTTGACATCCGTA
TGGAAGAGTGGGAGTTGCTGTTG

Ieraci et al., 2015 Hippocampus [35]; b Rusconi et al., 2015 Cereb. Cortex [44].

7.2, 1% Triton X-100, 1% sodium deoxycholate, and 0.1%
SDS) with Protease Inhibitor Cocktail (Sigma-Aldrich, Milan,
Italy). Protein concentration was determined by the Quantum Bicinchoninic Protein Assay (Euroclone) and 15 𝜇g of
proteins was separated on SDS-PAGE gels and transferred
to a polyvinylidene difluoride membrane (GE Healthcare,
Amersham, Milan, Italy), followed by blocking in 5% milk
dissolved in Tris Buffer Saline-Tween 20 (TBST). Membranes
were incubated with anti-BDNF (1 : 2,000, rabbit polyclonal,
Alomone, Jerusalem, Israel) or anti-𝛽-actin (1 : 20,000, mouse
monoclonal, Sigma) antibodies. After washing with TBST,
filters were incubated with peroxidase-conjugated secondary
anti-rabbit (1 : 3,000, Sigma-Aldrich) or with the fluorescent IRDye secondary anti-mouse antibody (LI-COR, purchased from Carlo Erba Reagents, Milan, Italy). Peroxidase
immunoreactivity bands were revealed by chemiluminescence using ECL detection system (Biorad). Chemiluminescence and fluorescence membrane signals were scanned
and quantified in an Odyssey LI-COR scanner (Carlo Erba
Reagents).
2.10. Statistical Analysis. Statistical analyses were performed
using GraphPad Prism 6 (GraphPad Software, La Jolla, CA).
Data are presented as mean ± standard error of the mean
(SEM). Statistical analyses were made using unpaired 𝑡-test
or two-way analysis of variance (ANOVA), and LSD procedure was used for multiple comparison analysis. Pearson’s 𝑟
correlations were performed to assess the correlation between
CORT levels, gene expression levels, and behavioral analyses
(Tables 2–7).

3. Results
3.1. Social Isolation Stress Induces Behavioral Impairments in
Adult Male Mice. To assess whether social isolation induces

Table 2: Pearson’s correlation between corticosterone levels and
behavioral analysis.
HPC
% time spent in the center
% distance in the center
Total distance travelled
Tail suspension test

𝑟
0.1178
−0.07975
−0.4050
−0.6367

𝑝
0.6759
0.7776
0.1343
0.0107

modifications of emotional behavior in adult mice, 9-weekold male mice were randomly housed in group (GH) or
socially isolated (SI) for 4 weeks and then tested in the OFT
and in the TST to measure the anxious- and depressivelike behaviors, respectively (Figure 1(a)). SI mice spent significantly less time in the center of the arena (𝑝 = 0.029)
(Figure 1(b)) and showed a tendency to a reduced distance
travelled in the center (𝑝 = 0.067) (Figure 1(c)), indicating anxious-like behavior. Interestingly, SI mice showed
an increased level of total distance travelled in the OFT
as compared to the GH mice (𝑝 = 0.007) suggesting a
hyperactivity phenotype in SI mice (Figure 1(d)). Moreover,
in the TST, the SI exhibited a significantly higher period
of immobility time compared to the GH mice (𝑝 = 0.03),
indicating a depressive-like behavior in SI mice (Figure 1(e)).
3.2. Corticosterone Plasma Levels Are Decreased in Socially
Isolated Adult Male Mice. To study whether the behavioral
changes induced by social isolation are associated with
alterations of the HPA axis function, we measured the plasma
CORT levels and the adrenal glands weight, as an index of
terminal phase of the HPA activation, in the SI and GH
mice. Interestingly, the levels of plasma CORT were markedly
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Table 3: Pearson’s correlation between corticosterone and gene
expression levels.

Total BDNF
BDNF-1
BDNF-2
BDNF-3
BDNF-4
BDNF-6
BDNF-7
BDNF-8
mGluR1
mGluR2
mGluR5
c-Fos
Arc
Egr-1

HPC
𝑟
0.1281
0.01566
0.003361
−0.4312
−0.06950
0.1259
0.5552
−0.09168
0.07396
0.01753
0.2400
0.3787
0.4144
0.3721

𝑝
0.6490
0.9558
0.9905
0.1085
0.8056
0.6549
0.0317
0.7452
0.7934
0.9506
0.3890
0.1639
0.1246
0.1720

PFC
𝑟
−0.1253
−0.04050
0.2474
0.2589
−0.1629
0.1538
0.4933
0.2692
0.3207
0.3320
−0.4608
0.4177
0.3985
0.4619

𝑝
0.6438
0.8816
0.3556
0.3330
0.5467
0.5695
0.0522
0.3133
0.2439
0.2267
0.0839
0.1214
0.1412
0.0830

Table 4: Pearson’s correlation between the percentage time spent in
the open field center and gene expression levels.

Total BDNF
BDNF-1
BDNF-2
BDNF-3
BDNF-4
BDNF-6
BDNF-7
BDNF-8
mGluR1
mGluR2
mGluR5
c-Fos
Arc
Egr-1

HPC
𝑟
0.5459
−0.06687
0.3161
−0.1448
0.07657
0.4217
0.3897
−0.4328
0.08381
0.3911
0.2127
0.6627
0.5360
0.3196

𝑝
0.0353
0.8128
0.2510
0.6066
0.7862
0.1175
0.1510
0.1071
0.7665
0.1495
0.4465
0.0071
0.0395
0.2456

PFC
𝑟
−0.01596
−0.3120
0.5469
0.08998
−0.1619
0.1034
0.5886
−0.02065
0.6689
0.4856
0.3362
0.5797
0.5826
0.5121

𝑝
0.9550
0.2576
0.0349
0.7498
0.5643
0.7138
0.0210
0.9418
0.0064
0.0665
0.2205
0.0235
0.0227
0.0510

reduced in the SI mice compared to GH mice (𝑝 = 0.002)
(Figure 2(a)). Moreover, a negative Pearson’s correlation was
specifically detected between the immobility time measured
in the TST and the plasma CORT levels (𝑟 = −0.6367; 𝑝 =
0.0107; Table 2). A two-way ANOVA showed a significant
overall effect for the size of the adrenal glands (𝐹(1,26) = 5.704;
𝑝 = 0.0245), with the left adrenal gland heavier than the
right one (Figure 2(b)), consistent with the data reported in
literature [46, 47]. A further Fisher’s LSD post hoc analysis
revealed a significant difference between the right and left
adrenal gland for the GH mice (𝑝 = 0.03), but not for the
SI mice (𝑝 = 0.19) (Figure 2(b)). These differences were not
due to changes in body weight (𝑝 = 0.45) (Figure 2(c)).
3.3. Neuroplasticity-Related Genes Are Reduced in the HPC
and PFC of Socially Isolated Adult Male Mice. To investigate

Table 5: Pearson’s correlation between the percentage distance
travelled in the open field center and gene expression levels.

Total BDNF
BDNF-1
BDNF-2
BDNF-3
BDNF-4
BDNF-6
BDNF-7
BDNF-8
mGluR1
mGluR2
mGluR5
c-Fos
Arc
Egr-1

HPC
𝑟
0.2967
−0.1696
0.005426
−0.05189
0.02956
0.2578
0.1517
−0.2511
0.1989
0.3364
0.2203
0.3250
0.2202
0.1294

𝑝
0.2829
0.5456
0.9847
0.8543
0.9167
0.3536
0.5895
0.3668
0.4772
0.2202
0.4302
0.2373
0.4303
0.6458

PFC
𝑟
−0.2008
−0.4613
0.1432
0.09637
−0.3317
−0.08952
0.3941
0.01725
0.5179
0.4008
0.4895
0.3312
0.2744
0.2010

𝑝
0.4731
0.0835
0.6106
0.7326
0.2271
0.7510
0.1461
0.9514
0.0480
0.1388
0.0640
0.2278
0.3222
0.4727

Table 6: Pearson’s correlation between the total distance travelled in
the open field and gene expression levels.

Total BDNF
BDNF-1
BDNF-2
BDNF-3
BDNF-4
BDNF-6
BDNF-7
BDNF-8
mGluR1
mGluR2
mGluR5
c-Fos
Arc
Egr-1

HPC
𝑟
−0.01723
0.4873
−0.06728
0.5139
0.3485
0.1649
−0.3760
0.1553
−0.1733
0.1448
0.03919
−0.4212
−0.3860
−0.1496

𝑝
0.9514
0.0654
0.8117
0.0500
0.2030
0.5571
0.1672
0.5806
0.5367
0.6066
0.8897
0.1180
0.1553
0.5947

PFC
𝑟
0.2982
0.3025
0.1369
0.3978
0.1766
0.2295
−0.5107
0.09135
−0.4017
−0.3355
−0.02266
−0.3366
−0.2858
−0.4556

𝑝
0.2804
0.2731
0.6266
0.1420
0.5289
0.4107
0.0517
0.7461
0.1378
0.2215
0.9361
0.2200
0.3017
0.0879

the possible molecular mechanisms underlying the social
isolation stress-induced behavioral changes, we evaluated the
mRNA levels of different genes involved in neuronal plasticity
in the HPC and PFC of SI and GH mice. Firstly, we measured
the mRNA levels of total BDNF, which is known to modulate
stress-induced behavioral changes [34], and BDNF splice
variants 1, 2, 3, 4, 6, 7, and 8. We found that BDNF-7 transcript
was significantly and selectively downregulated in both the
HPC and the PFC of SI mice, compared to GH mice (HPC:
𝑝 = 0.028; PFC: 𝑝 = 0.01) (Figure 3), while no significant
differences were revealed for total BDNF and all the other
BDNF transcripts analyzed (Figure 3). Protein levels analysis
by Western blot revealed only a trend for reduction of proBDNF in the HPC (𝑝 = 0.082; Figure 3(c)) and mature BDNF
in the PFC (𝑝 = 0.085; Figure 3(d)).
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Figure 2: Chronic social isolation stress in adulthood reduces plasma corticosterone levels. (a) Corticosterone levels were reduced in the
plasma of socially isolated adult male mice. (b) Socially isolated mice showed reduced differences between the left and right adrenal/body
weight ratio. (c) There were no differences in the total body weight between group-housed (GH) and socially isolated (SI) mice. Data are
presented mean ± SEM (𝑛 = 7-8 per group). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01.

Table 7: Pearson’s correlation between the immobility time measured in the tail suspension test and gene expression levels.

Total BDNF
BDNF-1
BDNF-2
BDNF-3
BDNF-4
BDNF-6
BDNF-7
BDNF-8
mGluR1
mGluR2
mGluR5
c-Fos
Arc
Egr-1

HPC
𝑟
−0.2868
0.1625
0.1307
0.6580
0.2176
−0.1178
−0.1460
0.1389
0.1182
0.00844
0.1913
−0.2720
−0.3338
−0.09785

𝑝
0.3000
0.5628
0.6425
0.0077
0.4359
0.6759
0.6036
0.6215
0.6748
0.9762
0.4947
0.3267
0.2241
0.7286

PFC
𝑟
−0.3003
−0.2971
−0.1610
−0.3290
−0.2689
−0.3714
−0.3611
0.1938
−0.1393
−0.05227
0.2808
−0.2640
−0.2845
−0.1392

𝑝
0.2768
0.2822
0.5665
0.2311
0.3325
0.1729
0.1860
0.4888
0.6205
0.8532
0.3107
0.3417
0.3040
0.6208

Interestingly, we have observed a significant positive
correlation between the plasma CORT levels and the BDNF-7
mRNA levels measured in the HPC, with only a trend in the
PFC (HPC: 𝑟 = 0.5552; 𝑝 = 0.0317; PFC: 𝑟 = 0.4933; 𝑝 =
0.0522; Table 3). Total BDNF mRNA levels in the HPC and
BDNF-7 mRNA levels in the PFC positively correlate with
the percentage of time spent in the OF center (total BDNF:
𝑟 = 0.5459; 𝑝 = 0.0353; BDNF-7: 𝑟 = 0.5886; 𝑝 = 0.021;
Table 4). Moreover, we found a trend for correlation between
the cortical BDNF-7 levels and the total distance travelled in
the OF (𝑟 = −0.5107; 𝑝 = 0.0517; Table 6).

Several lines of evidence suggest that metabotropic glutamate receptors are involved in stress-related disorders and in
the mechanisms of action of antidepressants [48–50]. Thus,
we sought to investigate whether behavioral modifications
induced by SI stress correlated with changes in the expression
of mGluR1, mGluR2, and mGluR5 in the HPC and PFC.
Interestingly, we found that mGluR1 and mGluR2 mRNA
levels were significantly reduced in the PFC of SI mice
compared to GH mice (mGluR1: 𝑝 = 0.012; mGluR2: 𝑝 =
0.038; Figure 4(b)), while no differences were revealed for
mGluR5 mRNA levels in the PFC and for all three mRNA
levels in the HPC between SI and GH mice (Figures 4(a)4(b)). However, only mGluR1 in the PFC showed a positive
correlation with the percentage of time spent in the OF center
(𝑟 = 0.5886; 𝑝 = 0.021; Table 4) and the distance travelled in
the OF center (𝑟 = 0.5886; 𝑝 = 0.021; Table 5).
Immediate early genes (IEGs) are genes rapidly expressed
upon different stimuli and play important roles in synaptic plasticity [51]. However, constitutive changes in IEGs
expression have been reported also after chronic stress and
antidepressant treatments [52–54]. Therefore, to investigate
whether SI induced alterations in the IEGs expression, we
evaluated the mRNA levels of c-Fos, Arc, and Egr-1 in the
HPC and PFC of SI and GH mice. We found that mRNA levels
of c-Fos, Arc, and Egr-1 were decreased in both HPC and PFC
of SI mice compared to GH mice (HPC: c-Fos: 𝑝 = 0.0092;
Arc: 𝑝 = 0.016; Egr-1: 𝑝 = 0.027; PFC: c-Fos: 𝑝 = 0.0099; Arc:
𝑝 = 0.029; Egr-1: 𝑝 = 0.69) (Figures 4(c)-4(d)). A significant
positive correlation was found for c-Fos and Arc mRNA levels
in the HPC and PFC and the percentage of time spent in
the OF center (HPC: c-Fos: 𝑟 = 0.6627; 𝑝 = 0.0071; Arc:
𝑟 = 0.536; 𝑝 = 0.0395; PFC: c-Fos: 𝑟 = 0.5797; 𝑝 = 0.035;
Arc: 𝑟 = 0.5826; 𝑝 = 0.0227; Table 4).
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Figure 3: Social isolation stress in adulthood reduces BDNF-7 splice variants in the hippocampus (HPC) and prefrontal cortex (PFC). (a-b)
Adult socially isolated mice showed decreased levels of BDNF-7 mRNA transcript in the HPC (a) and PFC (b). On the contrary, total BDNF
and BDNF splice variants 1, 2, 3, 4, 6, and 8 were not modulated by adult SI stress. Data are presented as Mean ± SEM (𝑛 = 7-8 per group).
∗𝑝
< 0.05. (c–f) Pro-BDNF and mature BDNF protein levels in the HPC (c, e) and prefrontal cortex (d, f). Densitometric quantifications
were obtained as ratio of Pro-BDNF/𝛽-actin and BDNF/𝛽-actin. Data are presented as mean ± SEM (𝑛 = 6 per group). (e-f) Representative
Western blot pictures from Pro-BDNF, BDNF, and 𝛽-actin.

4. Discussion
In the present study, we have found that SI adult male mice
spend less time in the center and are hyperactive in the OFT.
Additionally, SI mice showed higher immobility time in the
tail suspension test compared to GH mice. Although several
studies have reported that SI rearing induces hyperactivity
and anxious- and depressive-like behavior in rodents, only a
few studies have addressed the consequences of SI in adult
rodents, especially in mice [21, 23, 55–59]. Our findings

suggest that social deprivation may be deleterious not only
during childhood and adolescent period but also during
adulthood in male mice. Moreover, our results are consistent
with previous data showing that stress induces hyperactivity
in rodents in response to exposure to novel environments,
such as an open field [52, 60–63].
The reduced plasma CORT levels measured in SI adult
mice are paralleled by the decreased difference in weight
between the left and right adrenal glands, suggesting that this
hypofunction may be due to morphological changes in the
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Figure 4: Social isolation stress in adulthood decreases expression of neuroplasticity-related gene in the hippocampus (HPC) and prefrontal
cortex (PFC). (a, b) In socially isolated (SI) adult male mice, mGluR1 and mGluR2 mRNA levels were reduced in the PFC (b). No differences
were revealed for mGluR5 in the PFC and for mGluR1, mGluR2, and mGluR5 in the HPC (a-b). SI mice showed reduced mRNA levels of
c-Fos, Arc, and Egr-1 in the HPC and PFC (c-d). Data are presented as mean ± SEM (𝑛 = 7-8 per group). ∗ 𝑝 < 0.05.

HPA axis. Although stress is usually correlated with HPA
hyperactivity, our results are in line with previous reports
showing reduced levels of CORT in SI adult male rat and
female mice [55, 56]. Moreover, lower adrenal activity in
response to chronic stress was also reported in social defeat
animal models [64]. Interestingly, reduced basal levels of
CORT have been reported in patients with posttraumatic
stress disorder (PTSD), even decades after the traumatic
events [65–67]. Clinical studies have also reported lower
CORT levels in some patients at risk for PTSD and in healthy
subjects living under constantly stressful environments [68,
69]. Intriguingly, it has been reported that rats with reduced
basal levels of CORT display increased anxious-like behavior
and low extinctions rates of conditioned fear, behavioral

disturbances that model some aspect of PTSD [70]. Delayed
and incomplete contextual fear extinction has been also
described in SI adult mice [23]. Altogether these lines of
evidence suggest that social isolation stress in adult mice
could be a suitable model to study the behavioral and
molecular alterations related to PTSD [23]. However, further
studies will be necessary to fully characterize this model.
The results showing that SI stress in adult male mice
downregulated the expression of IEGs are consistent with
previous reports showing that social isolation rearing reduced
IEGs in rats [52, 71, 72]. IEGs are defined by their capability
to be quickly transcribed without new protein synthesis,
activated by transcription factors that are regulated by phosphorylation. We measured the levels of gene expression 2
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days after the TST to limit the possibility that behavioral
tests affected the gene expression. Therefore, the downregulation of IEGs observed here likely reflects an adaptation
to the chronic SI stress used, rather than the behavioral
manipulation effects. However, we cannot exclude that the
downregulation observed is due to the sum of social isolation
and behavioral test manipulations.
We found that SI stress decreased Arc expression in both
of the HPC and PFC. It has been previously reported that
Arc mRNA is delivered to dendrites, where it is specifically accumulated at recently activated synapses and locally
translated into protein [73]. Arc has a critical role in neuroplasticity and behavioral processes [74]. Our finding that
reduced Arc expression correlated with increased anxietyand depression-like phenotypes in SI adult mice is consistent
with previous data showing that Arc expression is higher in
the low-anxious Sprague-Dawley rats compared to the highly
anxious hooded PVG strain and that chronic antidepressant
treatment increased Arc expression [54, 75]. Altogether,
these data suggest that Arc may have a direct role in the
synaptic plasticity responses after activation and in behavioral
processes, coupling neuronal activity with structural remodeling and functional changes [76, 77]. Interestingly, Egr-1 is
a transcriptional factor directly controlling the expression
of Arc that has also been associated with some form of
synaptic plasticity and may be required for the development
of late long-term potentiation and behavioral responses [78–
80]. The present results, showing that both Egr-1 and Arc
are decreased in HPC and PFC, may suggest that Arc is
downregulated as a consequence of stress-induced reduction
of Egr-1 expression.
Remarkably, we found that BDNF-7 transcript was selectively reduced in both HPC and PFC of SI mice, while the
levels of total BDNF and all other exons were not changed.
As a rule, BDNF-7 mRNA levels are lower compared to the
most abundant BDNF transcripts in the brain (1, 2, 4, and
6); therefore the reduction of BDNF-7 levels observed in
SI mice is probably not enough to significantly reduce the
total expression of BDNF (which includes all transcripts).
However, the BDNF-7 transcript is more efficiently translated to protein, compared to more highly expressed BDNF
transcripts 1, 4, and 6 [81] and is one of the few BDNF
transcripts to be present in the dendrites in basal conditions
[82]. It has been reported that synaptic plasticity controls
local dendritic BDNF translation and that alterations in this
pathway may compromise the long-lasting spine plasticity
and lead to behavioral dysfunctions [83]. Taken together,
these lines of evidence strongly suggest that BDNF-7 may be
rapidly translated in the dendritic compartment upon synaptic activation and that reduction of BDNF-7 levels induced
by SI stress may contribute to the behavioral impairments
observed in SI adult mice.
Our results showing that SI stress decreased the levels of mGluR1 and mGluR2 in the PFC are in line with
previous data reporting a significant attenuation in mGluR
function in the PFC of SI reared rats [84]. Remarkably,
it has been also reported that chronic unpredictable stress
(CUS) reduces mGluR2 expression and that upregulation of
mGluR2 reverses the anxious- and depressive-like behaviors
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caused by CUS [48, 50]. Furthermore, a possible role of
mGluR2 in controlling hyperactivity has been described as
well. Systemic mGluR2/3 agonist administration reverses
the SI rearing-induced hyperactivity [85]. Moreover, injecting a mGluR2/3 agonist locally into the PFC blocks the
amphetamine-induced hyperactivity [86]. Altogether, these
data indicate that downregulation of mGluR2 levels in the
PFC of SI mice may contribute to the behavioral impairments observed. Although previous studies have reported
behavioral and synaptic plasticity deficits in the mGluR1 null
mice [87, 88] and mGluR1/5 agonist reduced the anxiety-like
behaviors of DBA/2 mice [89], the possible role of mGluR1
in the PFC has not been specifically investigated yet. Further
studies will be necessary to assess whether the expression of
mGluR1 in the PFC contributes to the behavioral changes
induced by SI.
We specifically found a reduction of mGluR1 and mGluR2
in the PFC but not in the HPC. However, since we have
analyzed gene expression in the entire HPC, without subdivision of the different regions (dorsal and ventral hippocampus,
dentate gyrus, CA1, and CA3), it is possible that variations in
specific regions may be attenuated from the expression in the
other regions and therefore not detected by our analyses. Further studies will be necessary to uncover whether changes of
the mGluR1 and mGluR2 expression in specific regions of the
HPC are actually induced by social isolation. Nevertheless,
differential modulation of gene expression in different brain
areas is quite common and it has been described for several
genes and environmental manipulations.
A major limitation of the present study is the descriptive
nature of our analysis. Although we have found significant correlations between behavioral impairments, CORT
plasma levels, and gene expression levels in the HPC and
PFC, these findings are not sufficient to clearly establish a
direct causal effect between these molecular changes and the
behavioral alterations. Further studies using both molecular
and pharmacological approaches, to specifically modulate
the expression of these genes in HPC and PFC, will be
necessary. Another limitation of the study is the lack on of
time-dependent effects of SI. We have found behavioral and
molecular changes after 4 weeks of social isolation stress.
It would be interesting in future studies to investigate the
shortest period of SI that is able to induce behavioral and
molecular changes in adult mice and whether a longer period
of isolation is able to worsen the phenotype that we have
reported here. Moreover, while we cannot rule out that the
molecular changes observed in SI mice are a consequence
of the combination of the social isolation paradigm and the
behavioral tests, our results show that neuroplasticity-related
genes are differentially modulated in GH and SI mice.
Overall, in the present study we showed that SI stress
in the adult male mice resulted in anxiety- and depressionlike phenotypes. Additionally, we showed that behavioral
modifications correlated with decrease of plasma CORT
levels and downregulation of neuroplasticity-related genes in
HPC and PFC. In particular, the selective reduction of the
BDNF-7 transcript in both brain areas of SI mice for the
first time links this dendrite-resident BDNF isoform with
synaptic plasticity and the behavioral consequences of SI.

10
Further work to explore the role of this BDNF transcript is
warranted.
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V. Võikar, A. Polus, E. Vasar, and H. Rauvala, “Long-term
individual housing in C57BL/6J and DBA/2 mice: assessment
of behavioral consequences,” Genes, Brain and Behavior, vol. 4,
no. 4, pp. 240–252, 2005.
A. Zimprich, L. Garrett, J. M. Deussing et al., “A robust
and reliable non-invasive test for stress responsivity in mice,”
Frontiers in Behavioral Neuroscience, vol. 8, article 125, 2014.
G. Beitia, L. Garmendia, A. Azpiroz, O. Vegas, P. F. Brain, and
A. Arregi, “Time-dependent behavioral, neurochemical, and
immune consequences of repeated experiences of social defeat
stress in male mice and the ameliorative effects of fluoxetine,”
Brain, Behavior, and Immunity, vol. 19, no. 6, pp. 530–539, 2005.
L. M. Bierer, L. Tischler, E. Labinsky, S. Cahill, E. Foa, and R.
Yehuda, “Clinical correlates of 24-h cortisol and norepinephrine
excretion among subjects seeking treatment following the
World Trade Center attacks on 9/11,” Annals of the New York
Academy of Sciences, vol. 1071, pp. 514–520, 2006.
D. Hauer, F. Weis, T. Krauseneck, M. Vogeser, G. Schelling,
and B. Roozendaal, “Traumatic memories, post-traumatic stress
disorder and serum cortisol levels in long-term survivors of the
acute respiratory distress syndrome,” Brain Research, vol. 1293,
pp. 114–120, 2009.
T. C. Neylan, A. Brunet, N. Pole et al., “PTSD symptoms predict
waking salivary cortisol levels in police officers,” Psychoneuroendocrinology, vol. 30, no. 4, pp. 373–381, 2005.
D. L. Delahanty, A. J. Raimonde, and E. Spoonster, “Initial
posttraumatic urinary cortisol levels predict subsequent PTSD
symptoms in motor vehicle accident victims,” Biological Psychiatry, vol. 48, no. 9, pp. 940–947, 2000.
C. Heim, U. Ehlert, and D. H. Hellhammer, “The potential
role of hypocortisolism in the pathophysiology of stress-related
bodily disorders,” Psychoneuroendocrinology, vol. 25, no. 1, pp.
1–35, 2000.
R. Reznikov, M. Diwan, J. N. Nobrega, and C. Hamani,
“Towards a better preclinical model of PTSD: characterizing
animals with weak extinction, maladaptive stress responses and
low plasma corticosterone,” Journal of Psychiatric Research, vol.
61, pp. 158–165, 2015.
K. Matsumoto, K. Ono, H. Ouchi, R. Tsushima, and Y.
Murakami, “Social isolation stress down-regulates cortical early
growth response 1 (Egr-1) expression in mice,” Neuroscience
Research, vol. 73, no. 3, pp. 257–262, 2012.
M. G. Pisu, R. Dore, M. C. Mostallino et al., “Down-regulation
of hippocampal BDNF and Arc associated with improvement in
aversive spatial memory performance in socially isolated rats,”
Behavioural Brain Research, vol. 222, no. 1, pp. 73–80, 2011.
O. Steward, S. Farris, P. S. Pirbhoy, J. Darnell, and S. J. Van Driesche, “Localization and local translation of Arc/Arg3.1 mRNA
at synapses: some observations and paradoxes,” Frontiers in
Molecular Neuroscience, vol. 7, article 101, 2015.

[74] E. Korb and S. Finkbeiner, “Arc in synaptic plasticity: from gene
to behavior,” Trends in Neurosciences, vol. 34, no. 11, pp. 591–598,
2011.
[75] H. Wang, Y. Z. Zhu, P. T.-H. Wong et al., “cDNA microarray
analysis of gene expression in anxious PVG and SD rats after
cat-freezing test,” Experimental Brain Research, vol. 149, no. 4,
pp. 413–421, 2003.
[76] C. R. Bramham, P. F. Worley, M. J. Moore, and J. F. Guzowski,
“The immediate early gene Arc/Arg3.1: regulation, mechanisms,
and function,” The Journal of Neuroscience, vol. 28, no. 46, pp.
11760–11767, 2008.
[77] O. Steward and P. Worley, “Local synthesis of proteins at synaptic sites on dendrites: role in synaptic plasticity and memory
consolidation?” Neurobiology of Learning and Memory, vol. 78,
no. 3, pp. 508–527, 2002.
[78] J. F. Guzowski, B. Setlow, E. K. Wagner, and J. L. McGaugh,
“Experience-dependent gene expression in the rat hippocampus after spatial learning: a comparison of the immediate-early
genes Arc, c-fos, and zif268,” The Journal of Neuroscience, vol.
21, no. 14, pp. 5089–5098, 2001.
[79] M. W. Jones, M. L. Errington, P. J. French et al., “A requirement
for the immediate early gene Zif268 in the expression of late LTP
and long-term memories,” Nature Neuroscience, vol. 4, no. 3, pp.
289–296, 2001.
[80] L. Li, J. Carter, X. Gao, J. Whitehead, and W. G. Tourtellotte,
“The neuroplasticity-associated arc gene is a direct transcriptional target of early growth response (Egr) transcription
factors,” Molecular and Cellular Biology, vol. 25, no. 23, pp.
10286–10300, 2005.
[81] V. Vaghi, A. Polacchini, G. Baj, V. L. M. Pinheiro, A. Vicario,
and E. Tongiorgi, “Pharmacological profile of brain-derived
neurotrophic factor (BDNF) splice variant translation using a
novel drug screening assay: a ‘quantitative code’,” The Journal of
Biological Chemistry, vol. 289, no. 40, pp. 27702–27713, 2014.
[82] G. Baj, D. Del Turco, J. Schlaudraff, L. Torelli, T. Deller,
and E. Tongiorgi, “Regulation of the spatial code for BDNF
mRNA isoforms in the rat hippocampus following pilocarpinetreatment: A systematic analysis using laser microdissection
and quantitative real-time PCR,” Hippocampus, vol. 23, no. 5,
pp. 413–423, 2013.
[83] C. Verpelli, G. Piccoli, A. Zanchi et al., “Synaptic activity
controls dendritic spine morphology by modulating eEF2dependent BDNF synthesis,” Journal of Neuroscience, vol. 30, no.
17, pp. 5830–5842, 2010.
[84] R. I. Melendez, M. L. Gregory, M. T. Bardo, and P. W. Kalivas,
“Impoverished rearing environment alters metabotropic glutamate receptor expression and function in the prefrontal cortex,”
Neuropsychopharmacology, vol. 29, no. 11, pp. 1980–1987, 2004.
[85] Y. Ago, R. Araki, K. Yano et al., “The selective metabotropic
glutamate 2/3 receptor agonist MGS0028 reverses isolation
rearing-induced abnormal behaviors in mice,” Journal of Pharmacological Sciences, vol. 118, no. 2, pp. 295–298, 2012.
[86] Y. Ago, R. Araki, K. Yano et al., “Activation of metabotropic
glutamate 2/3 receptors attenuates methamphetamine-induced
hyperlocomotion and increase in prefrontal serotonergic neurotransmission,” Psychopharmacology, vol. 217, no. 3, pp. 443–
452, 2011.
[87] F. Conquet, Z. I. Bashir, C. H. Davies et al., “Motor deficit
and impairment of synaptic plasticity in mice lacking mGluR1,”
Nature, vol. 372, no. 6503, pp. 237–243, 1994.
[88] C. Gil-Sanz, J. M. Delgado-Garcı́a, A. Fairén, and A. Gruart,
“Involvement of the mGluR1 receptor in hippocampal synaptic

Neural Plasticity
plasticity and associative learning in behaving mice,” Cerebral
Cortex, vol. 18, no. 7, pp. 1653–1663, 2008.
[89] F. Zhang, B. Liu, Z. Lei, and J.-H. Wang, “MGluR1,5 activation
improves network asynchrony and GABAergic synapse attenuation in the amygdala: implication for anxiety-like behavior in
DBA/2 mice,” Molecular Brain, vol. 5, article 20, 2012.

13

Hindawi Publishing Corporation
Neural Plasticity
Volume 2016, Article ID 6503162, 13 pages
http://dx.doi.org/10.1155/2016/6503162

Review Article
Coping with the Forced Swim Stressor: Towards Understanding
an Adaptive Mechanism
E. R. de Kloet1,2 and M. L. Molendijk3,4
1

Division of Medical Pharmacology and Leiden Academic Center for Drug Research, Leiden University,
Einsteinweg 55, 2333 CC Leiden, Netherlands
2
Division of Endocrinology, Leiden University Medical Center, Albinusdreef 2, 2333 ZA Leiden, Netherlands
3
Institute of Psychology, Leiden University, Wassenaarseweg 52, 2333 AK Leiden, Netherlands
4
Leiden Institute for Brain and Cognition, Leiden University Medical Center, Albinusdreef 2, 2333 ZA Leiden, Netherlands
Correspondence should be addressed to E. R. de Kloet; erdekloet@gmail.com
Received 15 September 2015; Accepted 19 October 2015
Academic Editor: Jordan Marrocco
Copyright © 2016 E. R. de Kloet and M. L. Molendijk. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
In the forced swim test (FST) rodents progressively show increased episodes of immobility if immersed in a beaker with water from
where escape is not possible. In this test, a compound qualifies as a potential antidepressant if it prevents or delays the transition
to this passive (energy conserving) behavioural style. In the past decade however the switch from active to passive “coping” was
used increasingly to describe the phenotype of an animal that has been exposed to a stressful history and/or genetic modification. A
PubMed analysis revealed that in a rapidly increasing number of papers (currently more than 2,000) stress-related immobility in the
FST is labeled as a depression-like phenotype. In this contribution we will examine the different phases of information processing
during coping with the forced swim stressor. For this purpose we focus on the action of corticosterone that is mediated by the closely
related mineralocorticoid receptors (MR) and glucocorticoid receptors (GR) in the limbic brain. The evidence available suggests a
model in which we propose that the limbic MR-mediated response selection operates in complementary fashion with dopaminergic
accumbens/prefrontal executive functions to regulate the transition between active and passive coping styles. Upon rescue from the
beaker the preferred, mostly passive, coping style is stored in the memory via a GR-dependent action in the hippocampal dentate
gyrus. It is concluded that the rodent’s behavioural response to a forced swim stressor does not reflect depression. Rather the forced
swim experience provides a unique paradigm to investigate the mechanistic underpinning of stress coping and adaptation.

1. Introduction
Validated animal models and tests are crucial for understanding the pathogenesis and treatment of mood and anxiety
disorders [1]. This contribution is about the exposure of
rodents to a forced swim stressor, which was originally
designed by Porsolt et al. [2–4] to assess the antidepressant
potential of drugs. The so-called forced swim test (FST, see
Box 1) is based on the observation that when rats or mice
are immersed in a beaker of water from where escape is not
possible, they display a progressive increase in the frequency
and duration of episodes of immobile floating after initial
attempts to escape by swimming, struggling, climbing, or
diving. In a retest the animals show the acquired immobility

response almost immediately; the total time spent immobile
and/or the duration of time until the transition from active
to passive behaviour are the read-out parameters of this test.
In mice a single session is often applied, which obviously
excludes the retention of acquired immobility used in the testretest design as criterion.
Porsolt’s design of the FST was extremely productive for
drug screening. The test appeared highly reproducible among
different labs, lasted only 2 days, and was applicable for highthroughput [5–7]. However, an unfortunate aspect is the
anthropomorphic interpretation of the rodent’s progressive
immobility during the FST as “lowered mood” or “despair”
. . . and “giving up hope to escape,” which is highlighted
as a depression-like phenotype [2–4, 6]. With the advent of
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The forced swim test (FST) is a behavioral paradigm that has been developed to screen the potential anti-depressant properties
of compounds.
In the original version of the test, developed by Porsolt and his colleagues [2], a rodent is placed in a beaker (width: >20 cm;
depth ∼15–18 cm) filled with water of 24 ± 2 degrees ∘ C. The rodent is let to swim for 15 minutes. Escape from the beaker is not
possible. After the session, the animal is removed from the water, dried, and placed back in the home cage. Twenty-four hours
after the initial swim experience, the rodent again is placed in the beaker. During this second swim experience, that usually lasts
5 minutes, most animals start showing passive behavior soon; they stop swimming and show little if any attempts to climb the wall
of the cylinder or to dive. When this occurs, the animal is said to be immobile or that it floats. The time from placement in the
cylinder to immobility/floating, often also expressed as the latency to immobility or the percentage of time that the animal
stays immobile, is regarded as the main outcome measure of the FST experiment.
Over the years, the original version of the FST has undergone some modifications. One major modification is that many studies
choose to use a beaker with a depth of 30 cm (instead of only ∼15–18 cm). The prime reason for this is that the rodent is not able
to remain stable, without swimming, through tail contact with the bottom of the beaker. A second modification on the classical
FST is the use of the test to measure immobility/floating in a single session, thus without the 15 minutes pretest. It has been
suggested that the pretest is necessary in order to reliably and more quickly detect the immobile posture of the rodent during
the 5-minute test session 24 hours after the 15-minute test session. However, a single swim session may be sufficient to induce
stable immobile behavior, in particular for mice. Hence, some studies apply only a single swim session to discern immobility.
For more information on the protocols according to which the FST is used, we refer to Porsolt et al. [2, 3] and Slattery and
Cryan [5].
Box 1: The forced swim test.
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mouse mutants carrying genetic modifications the FST was
adopted as a rapid “animal depression” test. Hence, a dramatic
increase occurred in the number of papers reporting in
rodents the depressogenic effect of genes (see Figure 1), often
in a context of early life adversity as well as later life acute or
chronic exposure to stressors of all kind. In 1985 one paper
per month was published that reported the results from the
FST, today this number amounts to one per day [8]. For
discussions of the rodent’s forced swim performance as a
measure for depression we refer to a series of excellent articles
elsewhere [5–7]. For a critical evaluation of animal models for
depression, see Nestler and Hyman [1].
In a recent commentary in Psychoneuroendocrinology,
we presented an analysis of current interpretations of FST
behavior [8]. The data for this analysis consisted of random
samples of the 4,300 PUBMED listed papers in which the
use of the FST was described. We found that the papers
in which the FST was used to identify a depression-like
phenotype amounted to around 2,020. Rapidly declining
over the years (now in total 1,980 papers) was Porsolt’s
original FST application of the test for identification of a
compound’s antidepressant potential. In about 820 papers
the “depressogenic” effect of stress was studied. We further
estimated that in 320 studies the FST was used for phenotyping genetic mouse mutants. Finally, in about 300 papers, and
rapidly declining over the years (see Figure 1), the progressive
immobility was interpreted as a learning process. These 300
studies demonstrated that the outcome of the FST in the
test-retest paradigm could be altered by interfering with
acquisition, consolidation, and retention of the immobility
response [9, 10].
In this contribution to the Many Faces of Stress issue, the
progressive immobility that is acquired during the FST is
presented as a passive behavioural style of the rodent to cope
with the situation that escape from the beaker is not possible.
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Figure 1: The figure shows the interpretation of the outcomes of
the FST as a function of year of publication. The slopes that are
plotted indicate that over the years more studies choose to label the
outcomes from the FST as “depression-like behaviour” (the red line)
and fewer as “antidepressant” properties of drugs (the blue line) or
behavior such as “learned immobility” (the green line). For more
information on these data we refer to Molendijk and de Kloet [8].

In the first section of this paper we will sketch the
transition of active (swimming) to passive (immobility)
behaviour as an adaptive learning process that contributes to
survival by conserving energy, likely evolving from millions
of years of evolution. We will highlight recent reports on
the transition from active to passive behaviour and how
this adaptive response is stored in memory. It appears that
glucocorticoids as well as antidepressants are capable to affect
the ability of rodents to consolidate the learned immobility
response [9, 11, 12].
In the second section we summarize the corticosteroid
receptor balance concept of health and disease [13] and
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discuss its implications for immobility learning and memory
storage. This includes the selection of the appropriate coping
style involving cognitive flexibility and executive dopaminergic functions [14–16], pharmacological experiments to identify the brain sites of mnemonic action of the corticosteroids
[17, 18], and a possible epigenetic mechanism as discovered
by Reul [19]. We also will discuss the effect of a chronic stress
history on the rodent’s performance in the FST. We conclude,
in the third section, with the notion that synthesis is possible
according to the knowledge gained on corticosteroid action
in limbic brain and dopaminergic executive functions. Hence,
the rodent’s response to an acute forced swim stressor provides an excellent opportunity to investigate the mechanism
underlying stress coping and adaptation that contributes to
survival.

2. Forced Swim
2.1. The Forced Swim Stressor. It is of interest to read the
original articles of Porsolt et al. [2] and of Hawkins et al.
[4], and the subsequent discussion between the authors of
these papers. Hawkins et al. [4] agreed with using the FST
as innovative antidepressant screening tool but dismissed
Porsolt’s notion that immobility in the FST represents despair.
Hawkins et al. [4] noted by carefully monitoring the switches
between swimming, headshaking, struggling, diving, climbing, and floating that the progressive immobility at the end
of the 15 min initial test is an adaptive response “without the
energy expenditure required in swimming.” At retest, 24 hours
later, a similar level of immobility is immediately resumed.
Moreover, the rats appeared at retest less emotional, observed
as a lower amount of emotional defecation, which according
to Hawkins supports the idea that “. . . having been rescued
on day 1, the rats were less fearful on day 2.” In reply Porsolt
maintains the position that the immobility response in the
FST measures lowered mood and despair and acknowledges
that the procedure is “not a model for depression in the
rat” but reflects “. . . some aspects of depressed mood.” In
addition, Porsolt mentioned that also electroshocks, the
treatment of choice when more conventional methods fail
in alleviating the symptoms of depression, readily led to
decreased immobility scores in the FST mimicking the effects
that are observed after administration of pharmacological
antidepressants.
In 2009, Castagné and colleagues stated that “. . . the
FST is not a model for depression because the dependent
variable is the response to the acute forced swim stressor
rather than the phenotype of the animal” [20]. Since there
is no sign or symptom of depression modeled in the FST it
lacks face validity. Also construct validity is absent since the
pathogenesis of depression is a slow process that is often, but
not always, precipitated by the inability to cope with the stress
of life [21]. Indeed in many experiments animals are subjected
to a chronic stress paradigm with or without a genetic
mutation and then the FST is used incorrectly to model
depression. The FST shows predictive validity where it concerns the testing of antidepressant potential of compounds.
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This validity criterion is without evidence of the mechanism how antidepressants affect the switch from active to
passive behaviour. Rather, the antidepressants that disrupt
immobility in the FST acutely take several weeks before they
are clinically effective in a depressed patient [22] suggesting
that also this predictive validity of antidepressant action in
the FST gives little insight into any pathogenic mechanism.
Besides, antidepressants affect multiple functional domains
beyond mood, including memory and appetite [22] that
potentially could have an effect on FST performance.
There are many false positives. For instance drugs like
amphetamine, which is not an antidepressant, enhance locomotor activity and prevent the switch to immobility [3, 4].
Also the GABA-A agonist muscimol, barbiturates, benzodiazepines, and anticholinergic agents have been coined as
false positives (see De Pablo et al. [23] for an overview).
Rats engaged in physical exercise, in humans regarded as
being “antidepressant” [24], show increased immobility and
secrete increased amounts of corticosterone but also are more
resilient [19]. Physical exercise thus could be regarded as a
false negative in this context. Widely described antidepressant
agents of the SSRI type [22] likewise could be regarded as
a false negative [25]. Furthermore, animals that are familiar
to the test are more immobile [26] just as animals that are
exposed to water of 19∘ C in the initial test which became
more immobile if the water at retest was 25∘ C rather than the
original 19∘ C [19]. Finally, in a brief report on 2 experiments
O’Neill and Valentino [27] ruled out that the extent of
escapability from the beaker of water reflected a measure of
despair: the immobility response during retest was identical
irrespective of the presence of an escape option. They also
demonstrated that the FST is not a learned helplessness
model.
2.2. Active and Passive Coping. As students of the FST,
more than 20 years ago, we have performed experiments to
examine the role of stress hormones in the acquisition and
retention of the rodent’s response to the acute swim stressor.
We observed the switches between the different behaviours
towards longer periods of immobility and that acquired
immobility was retained at the 24 hr retest. The retention of
acquired immobility may last as long as 4 weeks [28]. In our
line of reasoning the switch to immobility behaviour “. . . is a
successful passive behavioural strategy.” [29], which appeared
affected by antisense manipulation of the glucocorticoid
receptor (GR) in the hippocampus if performed at least six
hours before the initial test.
Immobility in the FST was also interpreted as passive
coping [30]. Since coping has a positive connotation “ . . . dealing effectively with something difficult” (Oxford Dictionary;
http://www.oxforddictionaries.com, accessed September 5th,
2015) this qualification is somewhat at variance with labeling
the passive coping style as a symptom of depression [30, 31].
Cabib and colleagues [10, 18] formulated after a series of elegant experiments using stress-susceptible DBA mice in a testretest design the hypothesis that “immobility is the result of
extinction-like inhibitory learning involving all available escape
responses due to the inescapable/unavoidable nature of the FST
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experience.” Other qualifications are “. . . that immobility is
beneficial in preventing the rats from sinking”: rodents that
float longer probably live longer [32]. Although some of these
explanations suffer from anthropomorphism (e.g., despair,
depression-like), the switch between the different behavioural
(coping) responses towards increased immobility shows what
actually is observed when an animal deals with the forced
swim stressor.
Fascinating novel technology currently allows real-time
measurement of the transition between active and passive
behavioural states with simultaneous in vivo electrophysiological recordings. Using these techniques, striking correlates
were found between the activity of specific medio prefrontocortical (mPFC) and mesolimbic dopaminergic circuits and
the transition between active and passive behavioural states
at the 24 h FST retest [15, 30, 31]. These transitions were interpreted as representing elements of neuronal encoding and a
subsequent decision-making process that is reflected in the
behaviours observed in the FST. Moreover, using optogenetic
activation of specific mPFC and midbrain dopaminergic
subcircuits (the former projecting to the dorsal raphe nuclei)
the behavioural transitions towards immobility were induced
suggesting a causal relationship [30].
Tye et al. [31] tested selective ventral tegmental area
(VTA) A9 dopaminergic neurons after viral transfection with
an enhanced halorhodopsin that shows upon stimulation
hyperpolarization and thus dopaminergic inactivation. They
found upon AVT inhibition increased immobility in the
FST, while locomotor responses were not affected. Moreover,
causal relationships of specific circuit activations during
the 24 hr retest occurred in parallel with other putative
“depression” tests such as the FST, tail suspension, and
sucrose preference test [31]. Interestingly, the same authors
demonstrated that acquired immobility, enhanced by a history of chronic stress exposure, could be reversed within
seconds by light stimulation of the same dopaminergic
neurons transduced with channelrhodopsin-2 [31] to achieve
the desired neuronal activation. However, opposite results
were reported by Chaudhury et al. [33]; see for discussion
of these studies Lammel et al. [15]. Noteworthy is that some
of the brain circuits linked to passive-active transitions were
also identified (i.e., the nucleus accumbens and medial frontal
cortex) as targets for the immediate antidepressant effects of
deep brain stimulation [34].
Accordingly, these data obtained by optogenetic manipulation of the VTA dopaminergic neurons provide strong
evidence for a causal relationship with forced swim performance. The VTA dopaminergic circuit and its mesocortical
and mesolimbic branches have however complex afferent and
efferent pathways that operate in multiple feedback loops
[35]. Cabib and Puglisi-Allegra [16] have built a compelling
case that enhanced tonic mesoaccumbens dopamine activity
supports the expression of active stress-induced coping styles,
while inhibition of dopamine release is required for passive
coping (immobility) in the FST. The latter passive behaviour
occurs when a stressful condition is appraised as inescapable
and/or uncontrollable.
The pioneering research by the Grace group (see for an
overview [14]) focused in particular on the balance in afferent
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pathways from the ventral hippocampus and basolateral
amygdala which was found to regulate a spontaneous singlespike firing pattern of the VTA dopamine neurons. This
“tonic” pacemaker is driven by the excitatory outflow of the
ventral subiculum hippocampus via the nucleus accumbens,
ventral pallidum pathway (see [14]). In agreement with Cabib
and Puglisi-Allegra [16] and Tye et al., [31] also Grace [36]
noted that uncontrollability of the stressor suppressed the
mesoaccumbens pathway, while promoting the expression of
a passive coping response.
2.3. Consolidation of Acquired Immobility. Jefferys et al. [12]
and Veldhuis et al. [11] reported that rats, adrenalectomised
1 week before the initial test, showed levels of immobility
that were similar to controls. However, at retest the immobility response was not retained. The naturally occurring
glucocorticoid corticosterone and the synthetic glucocorticoids dexamethasone and RU2362 given subcutaneously 15–
60 min after the initial test reinstated retention, while mineralocorticoids and progesterone had no effect (see Figure 2).
As expected the antiglucocorticoid RU486 given prior to
the initial test interfered with the glucocorticoid-induced
retention of acquired immobility. Interestingly, removal of the
adrenal medulla, secreting adrenaline and opioids, only transiently interfered with retention, which could be restored by
administering synthetic enkephalin analogs [37]. Subsequent
experiments showed that also thyroid hormone and glucose
[38, 39] are effective, suggesting interplay between endocrine
and metabolic factors during retention of immobility. It is
likely that the action of these factors in promoting immobility
also would promote conservation of the energy needed to
prolong survival, which is actually one of the lessons for
sailors in the essentials of sea survival [40].
De Pablo et al. [9] reported a number of well-controlled
experiments clearly demonstrating that antidepressants interfere with the consolidation process in the FST (see Table 1).
Using an automatic recording procedure to assess mobility,
they demonstrated that during the forced swim experience
the amount of immobility increased with repeated experience. Exposing the rats to a cylinder with increased water
depth led to decreased immobility. This is counterintuitive
because more “despair” would have been expected. Finally,
antidepressants given after the initial test interfered with consolidation of the acquired immobility response as measured
from the rat’s performance at retest 24 hr later. Since the
protein synthesis inhibitor anisomycin had similar effects
as the antidepressants it is evident that effects measured in
the FST retest monitor memory storage of the behavioural
response acquired at the initial test. The paper by De Pablo
et al. [9] is a “must read” for everyone who uses the test-retest
design of the FST.
2.4. Conclusion. Exposure to the forced swim stressor
induces a profound response of the sympathetic nervous
system, the HPA axis, and also of a variety of neurotransmitter circuits (e.g., dopamine, serotonin, GABA) in the
brain [31, 41–43]. In particular the VTA-A9 dopaminergic
circuitry has received much attention because of its role in
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Figure 2: (a) Left panel shows % immobility during the last 5 min of the 15 min initial test of SHAM and adrenalectomised (ADX) animals.
(b) Right panel shows the effects of various steroids, given 15 min after the initial swimming exposure, on retention of acquired immobility of
ADX rats during the 5 minutes retest period. Data are expressed as mean ± the standard error of the mean as % immobility time. Dashed lines
represent the % immobility of SHAM (74,8%) and ADX (30,7%) rats. Fifty ADX and 33 sham rats were used in these experiments. Six animals
were used per different dosages of dexamethasone, cortisol, RU38362, and progesterone. Post hoc comparisons following a significant ANOVA
revealed that the groups treated with DEX (5 and 10 𝜇g), RU28362 (10 and 100 𝜇g), and cortisol (500 and 5000 𝜇g) differed significantly from
ADX but not from sham rats. For more information on these data we refer to [11].

Table 1: The effect of a single dose of 25 mg/kg of imipramine
administered one hr before or 15 min after training on day 1 on rat
mobility in the forced swim test.
Injection time

𝑁

Saline
15 min after
1 hour before

7
7
6

No. of impulses,
% no. of
day 1
impulses, day 2
409.85 ± 48.79
420.14 ± 45.93
421.66 ± 39.75

42.63 ± 11.50
94.39 ± 8.38∗
93.06 ± 16.44∗

∗

Statistical significance (at 𝑃 < .01) with respect to the saline group.
Adapted and reprinted from De Pablo et al. [9] with permission from Elsevier
B.V.

mediating the stress response and in the pathogenesis of
stress-related depression and psychosis. Indeed, the mesoaccumbens dopaminergic circuit is important for coping with
the forced swim stressor. In the forced swim test transitions
proceed progressively from active to passive coping styles culminating in prolonged periods of immobility. These transitions serve as measure in the mouse single trial FST as well as
in the retest. They can be evoked by optogenetic stimulation
of the VTA dopaminergic neurons. Dopaminergic activity is
under control of afferent inputs from limbic areas, that is,
amygdala and hippocampus. All these limbic-forebrain areas
are targets for corticosteroid hormones released under stress.

3. Corticosteroid Action and Stress
3.1. Corticosteroid Receptors and Action. The naturally occurring glucocorticoids, cortisol in man and corticosterone in

man and rodent, are collectively abbreviated as CORT here.
CORT regulates energy metabolism and controls the stress
response. The hormones, secreted by the adrenals as end
product of the HPA axis, coordinate in rhythmic fashion the
needs in circadian regulations from food intake to allocation
of energy resources. CORT also mediates coping with stress in
a manner that the hormones prevent the initial reactions to a
stressor from overshooting [44, 45]. These actions exerted by
CORT are mediated by mineralocorticoid receptors (NR3C2,
MR) and glucocorticoid receptors (NR3C1, GR) [46–49]. MR
and GR regulate gene transcription as nuclear receptors and
occur also as membrane variants that are engaged in rapid
nongenomic membrane actions [50–52].
The MR and GR have different characteristics [48, 53–
56]. First, MR expression is abundant in limbic structures,
notably the hippocampus, amygdala, lateral septum, and
regions of the prefrontal cortex where it is colocalized with
the ubiquitously expressed GR. Second, nuclear MR has a
tenfold higher affinity for CORT than GR and is therefore
always substantially occupied, while GR only becomes occupied after stress and at the ultradian or circadian peaks
in circulating CORT. Third, MR in most brain regions is
nonselective: CORT and aldosterone have high affinity and
also deoxycorticosterone and progesterone bind, the latter as
a competitive antagonist [57].
The actions mediated by MR and GR are complementary:
in some cells and circuits opposing and elsewhere synergizing
[59–61]. On the cellular level MR maintains and enhances
the excitatory tone [62, 63]. Activation of the MR membrane
variant (which has a lower affinity to CORT than the nuclear
MR) by stress stimulates the release of glutamate, which
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Figure 3: Corticosterone action during processing of stressful
information. Increasing corticosterone concentration induced by a
stressor initially activates MR modulating appraisal processes and
immediate coping and then progressively activates also nuclear GR
to reallocate energy to circuits underlying consolidation and retention of the experience in the memory [58]. For this purpose MR and
GR mediate in complementary fashion the action of corticosterone
in hippocampus and amygdala from decision-making and cognitive
flexibility to executive functions in prefrontal brain regions, as
is mediated by the mesolimbic dopaminergic system innervating
the nucleus accumbens. Adapted from de Kloet et al. [13]. MR is
mineralocorticoid receptors; GR is glucocorticoid receptors.

subsequently downregulates the presynaptic Glu2/3 receptors
[50, 60, 64, 65]. With rising steroid concentrations CORT
suppresses, via the GR, the excitability which is transiently
raised by excitatory stimuli [66]. In nongenomic fashion
GR promotes the postsynaptic release of endocannabinoids,
which inhibit transmitter release presynaptically [67].
On the behavioural level MR and GR mediate distinct
functions in the processing of stressful information (see
Figure 3). The MR mediates a tonic action on the activity
of the HPA axis [68] and is important during the onset of
the stress reaction because it regulates anticipation, appraisal,
response selection, and thus decision-making processes in
coping with novel stressful situations. These are all functions
linked to the limbic network [13, 69]. When the stress
response develops and CORT concentrations rise, the GR
becomes progressively occupied which allocates additional
energy resources towards the more executive frontocortical
functions [58]. Primarily the action of CORT, mediated by
the GR, is aimed to promote behavioural adaptation which
terminates the stress reaction. At the same time the outcome
of the coping process is stored in memory for future use [70,
71]. When the stress reaction subsides the ultradian rhythm
resumes allowing to maintain a state of stress responsiveness.
The GR and MR thus have complementary functions in
the processing of stressful information. This has led to the
formulation of the Corticosteroid Receptor (CoRe) Balance
hypothesis which states that “upon imbalance of MR:GRregulated limbic-cortical signaling pathways, the initiation
and/or management of the neuroendocrine stress response
becomes compromised. At a certain threshold this may lead to a
condition of HPA-axis dysregulation and impaired behavioural

adaptation, which can enhance susceptibility to stress-related
neurodegeneration and mental disorders.” [13, 54, 55, 68, 69].
3.2. CORT Receptors and FST. Three types of experiments
that link CORT receptors to the typical FST behavior will
be discussed here. First, it appears that the forced swim
stressor itself affects the expression of the CORT receptors
differentially. It was shown that the acute stressor induced
the expression of MR in the hippocampus as early as 8 hr
postinjection and the effect appeared maximal at 24 hr after
exposure to the forced swim stressor, at the immunoreactive
protein level as well as with radioligand binding [72, 73].
This MR induction depended on CRF, since exogenous CRF
induced and CRF antagonist blocked the stress-induced
increase in MR. Finally, the CRF-induced MR synthesis
appeared functional since in prior forced swim exposed
rats antimineralocorticoids were much more effective in
disinhibiting the stress-induced HPA-axis activity [72]. Over
a period of several weeks the hippocampal MR is profoundly
downregulated after exposure to chronic stress, however [74,
75]. This downregulation of MR was prominent in socially
defeated mice that showed increased passive coping [76].
Second, GR activation by dexamethasone administration
in the low 𝜇g range to adrenalectomised animals immediately
after the initial 15 min forced swim exposure reinstated dosedependently the deficit in retention of acquired immobility
during the 5 min retest 24 hr later. This effect of dexamethasone in the ADX rats can be prevented by prior subcutaneous
administration of the RU486, or other GR antagonist(s) in
doses of 1 and 10 mg/kg [17, 77]. Intracerebroventricular
adminstration of the GR antagonist to intact rats immediate
before the initial test attenuated at retest the retention of
acquired immobility in a 100 000 lower dose than needed
after systemic administration. In a separate experiment one
week later the same low ng dose of RU486 icv increased
secretion of CORT [17]. Thus, functional GR is neccesary for
retention of acquired immobility.
Figure 4 (adapted from [17]) shows that only 1 ng of
RU486 administered in the dentate gyrus is sufficient to
impair consolidation of the immobility response. Similar
injections in the nucleus parafascicularis and paraventricular
nucleus were ineffective, but the GR blockade in the paravenricular nucleus triggered a profound CORT response.
Promegestone did not interfere with the RU486 action ruling
out a role for the antiprogestin properties of the antagonist.
The selective mineralocorticoid antagonist RU28318 was not
active excluding, as expected, a role of MR in retention of
the passive coping style. The exclusion of MR in memory
consolidation is further reinforced by the observation that
replacement of the ADX rats with a high dose of CORT
occupying both receptor types reinstated the memory deficit
of the ADX rats, while a lower dose, mainly occupying MR,
did not.
If GR was blocked with RU486 given systemically at
6 hr (but not at 1 hr) prior to the initial test the percentage
of immobility was decreased during the initial 15 min test.
This decrease was already present in the first 5 min episode
and persisted in the retest 24 hr later [29]. A similar result
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Figure 4: (a) Effect of local intracerebral injection of RU38486
at 5 min prior to initial test on retention of acquired immobility
(top) and (b) plasma CORT level (bottom). Behavioural data are
expressed as percentage (mean ± the standard error of the mean)
of the value observed in rats injected with vehicle. Endocrine data
are expressed as micrograms CORT per 100 mL plasma. Open areas
represent control injections and closed areas the CORT levels after
administration of RU38486. The number of animals is indicated
in the figure. The figure comes from de Kloet et al. [17]. ∗ 𝑃 <
.01 as compared to controls. PFN is thalamic parafascular nucleus;
PVN is hypothalamic paraventricular nucleus; DG is dentate gyrus.
Adapted and reprinted with permission from Karger.

was obtained if the synthesis of GR in the dentate gyrus
was inhibited by bilateral infusion of 18-mer antisense phosphorothioate oligodeoxynucleotide targeted to GRmRNA 6
hours prior to testing [29]. Likewise daily treatment plus
a 1 hr pretreatment with GR antagonists also suppressed
immobility at pretest, but this design did not include a retest
[78, 79]. Reduced immobility was also observed at the initial
and retest after metapyrone, which blocks the synthesis of
adrenal CORT [80]. Interestingly, these experiments involving blockade of GR or reduction of adrenal output leave MR
available for CORT action, supporting indirectly a role of MR
in coping with the forced swim stressor.

3.3. MR and GR Function in Acquisition, Consolidation and
Retention of Immobility. Colelli et al. [18] demonstrated different levels of immobility learning in DBA/2J and C57Bl/6J
mice. In the first experiment both strains showed that the
immobility scores in the 10 min initial test were retained in
the 5 min retest 24 hr later. Immobility scores in the C57
mice were much higher than in the DBA. In the second
experiment it was shown that the immobility performance
of the DBA mice correlated, 50 min after initial test, with
enhanced expression of cFos in the dorsal striatum, while
in the dorsal hippocampus the immediate early gene altered
in parallel with C57 immobility. This enhanced activity in
the hippocampus aligns with the greater context and spatial
memory performance of the C57 that coincides with more
CORT output than observed in the DBA strain [81].
Hippocampal MR has a crucial role in the switch
from spatial declarative learning towards caudate stimulus
response (habit) learning [82]. In the circular hole board test,
naive male mice locate with a hippocampal-associated spatial
strategy an exit hole at a fixed location flagged by a proximal
stimulus. However, if exposed to a stressful context, close to
50% of the mice switched to habit learning associated with
hypertrophy of the caudate and atrophy of the hippocampus
under chronic stress conditions [83]. Pretreatment with an
MR antagonist did prevent the switch towards the stimulusresponse strategy [84]. These findings are consistent with
evidence that during stress a MR-dependent increase in
amygdala connectivity underlies the shift from hippocampal
spatial learning to striatal stimulus response or habit learning
[82]. With regard to coping with the forced swim stressor, MR
antagonists administered prior to the initial test are predicted,
therefore, to affect immobility learning in the FST. Indeed,
two studies showed that administration of the MR antagonist
spironolactone in rats and mice ([85, 86], resp.) reduced the
amount of immobility of the animals.
In a series of studies Reul and his colleagues developed
the concept that CORT secreted during the initial acute swim
stress experience triggers in the dentate gyrus a signaling
pathway that activates an epigenetic process underlying
increased consolidation and retention of newly acquired
stressful information [28]. This mechanism concerned convergence of stress-induced NMDA and GR signaling pathways causing in a distinct and sparse neuroanatomical pattern
of dentate gyrus neurons histone modifications, chromatine
remodelling, and immediate early gene activation [87–89].
Genetic deletion of specific components (i.e., MSK1/2) in
this pathway appeared to prevent the retention of acquired
immobility. The significance of this newly identified pathway
has been expanded to the role of epigenetics in Morris
maze learning, while revealing new interesting twists in their
significance for memory consolidation [90].
3.4. The Effects of Chronic Stress. Processing of the forced
swim stressor has both physical and psychological components [41]. Physical stressors such as pain, cold, heat, and
water immersion each have their inputs to directly stimulate
the common final pathway to activation of the sympathetic
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nervous system and the HPA axis. Psychological or psychogenic stressors are processed in higher brain regions,
potentially using multiple circuits [91, 92] illustrating the
Many Faces of Stress. However, severe acute stressors can
have long-term consequences as well and are of obvious
significance as triggers to precipitate an altered phenotype.
The acute forced swim stressor has been used for this purpose
alone or in combination with another acute single restraint
stress exposure [74, 93]. Such animal models for chronic
stress exposure also are based on various protocols, for
instance exposure of the animals repeatedly during several
days to unpredictable stressors, repeated exposure to the
same stressor, or daily social defeat, sometimes with a history
of early life adversity [94, 95].
The A9 mesolimbic-cortical dopaminergic circuitry is
highly responsive to acute and chronic stressors. The responsiveness of this circuitry depends on reciprocal hippocampal
ventral subiculum excitatory and amygdala inhibitory inputs
[14] including a feedback loop to the A9, but also to the
habenular nucleus, dorsal raphe nucleus, basal amygdala,
and ventral hippocampus [15]. The circuit has an important
function in social and goal-directed behaviour, motivation,
pleasure, and reward and is richly endowed with GR.
Rodents exposed to repeated social defeat by aggression of
a dominant animal develop enduring social aversion and
increased anxiety as most prominent behavioural adaptations
caused by a CORT-enhanced positive dopaminergic feedback
loop. Antiglucocorticoid or GR deletion selectively from
the dopaminoceptive neurons reinstated social behaviour
linking stress resiliency with dopaminergic tone [96, 97].
As mentioned above, in this circuit correlations were found
between circuit activity and the passive-active behavioural
transitions during forced swim exposure, which could also be
induced optogenetically [15, 30, 31].
Chronic restraint stress induces rapid changes in histone
regulation in the hippocampus [98]. Chronically stressed
animals likewise show profound changes in neuroendocrine
regulations due to an altered phenotype of the CRH neurons
expressing much more vasopressin as cosecretagogue [99].
Such chronically stressed animals also display dramatic chromatin reorganizations in CORT brain targets. This altered
reorganization becomes apparent only after challenging the
stressed individual with an additional acute forced swim
stressor. Mice with a stress history exposed to forced swim
for 15 min showed much more responsive genes 1 hr later in
the hippocampus, and these are particularly genes involved in
chromatin modification, epigenetics, and the cytokine/NF𝜅B
pathway. The change in some of these genes (e.g., BDNF and
GR) persisted for several weeks [94]. Besides, these genes are
related to cognitive processes [100] presumably underlying
immobility learning in the FST [9, 10].
Interestingly, similar cytokine/NF𝜅B genomic changes
were observed after repeated social defeat [101]. The network
also showed overlap with the genomic response to CORT
applied to rats with a restraint stress history, in this case
restricted to the dentate gyrus only [102]. Moreover, in the
controls 26 different CORT responsive gene ontology (GO)
terms were enriched, whereas this number was only 6 in the
stressed group. One highly responsive gene network revealed
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by this procedure is the mammalian target of rapamycin
(mTOR) signalling pathway, which is critical for different
forms of synaptic plasticity [103] that may underlie the
processes of learning and memory [104].
3.5. Conclusion. GR is expressed abundantly in the ascending
A9 mesolimbic and cortical dopaminergic projection innervating frontocortical and nucleus accumbens target regions,
while the limbic structures, notably the hippocampal CA1
and CA2 neurons as well as the dentate gyrus neurons, are
richly endowed with both MR and GR. The receptors seem
to be involved in acquisition and retention of the immobility response. For acquisition, pharmacological blockade of
GR by systemic RU486 administration and locally by GR
knockdown in the dentate gyrus 6 hr prior to the initial
test decreased the amount of passive behaviour, which was
retained in the retest 24 hr later. This effect apparently overrides the small increase in immobility noted after local knockdown of GR in the infralimbic frontocortical dopaminergic
target [105]. The consolidation and retention of the passive
behavioural response are promoted after GR activation in the
dentate gyrus by an epigenetic mechanism that involves a GRglutamatergic pathway. However, any blockade of the GR in
the limbic regions will result in more dominance of CORT
actions via the MR, which could participate in the appraisal,
response selection, and immediate coping ability [18]. Such a
role of MR has been firmly established in other behavioural
paradigms [84, 106].

4. Perspectives
An inevitable consequence of the Many Faces of Stress is the
discussion centered around the seminal question: “What is
stress?” For this reason one of the stress pioneers, Levine [107–
109], turned to use an operational definition: “Stress is defined
as a composite multidimensional construct in which three
components interact: (i) the input, when a stimulus, the stressor,
is perceived and appraised, (ii) the processing of stressful
information, and (iii) the output, or stress response. The three
components interact via complex self-regulating feedback loops
with the goal to restore homeostasis through behavioral and
physiological adaptations.”
What happens during processing of the forced swim stressor in the black box of the rodent’s brain? The studies by Cabib
and coworkers, that are summarized in Cabib and PuglisiAllegra [16] and Campus et al. [10], point to a genetically
determined switch between hippocampus and striatal circuits
as a determinant in the choice of behavioural style to cope
with the forced swim. Such an MR-induced switch previously
was observed in other behavioural paradigms as well [82, 110,
115]. This finding calls for a role of CORT acting via MR
during stress, which has been shown crucial for appraisal,
immediate coping, response selection, and behavioural flexibility. MR was discovered in electrophysiological studies
to mediate fast and rapidly reversible membrane actions of
CORT in hippocampus and amygdala [50, 51]. Stress levels
of the hormone enhance the frequency of miniature excitatory postsynaptic potentials (mEPSP) in hippocampal CA1
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Figure 5: Hypothesis: processing of the forced swim stressor. A The stressor is perceived and appraised and the appropriate coping style
is selected depending on flexibility of amygdala-hippocampus-striatal connectivity, which is controlled by CORT via limbic MR. B This
action of CORT mediated by MR modulates the hippocampal excitatory outflow through enhanced glutamate transmission driving the
spontaneous activity of the VTA-A9 neurons and active coping. C When time elapses energy is allocated to more executive functions governed
by mesocortical and prefrontal circuitry attenuating mesoaccumbens dopamine activity causing a switch from active to passive coping with
the inescapable forced swim stressor. D The coping response is stored in memory for future use by a mechanism activated by stress-induced
levels of CORT acting through the GR in the hippocampal dentate gyrus. E The information processing during the forced swim is affected by
stress history as can be deducted from altered genomic expression in the hippocampus. This hypothesis is based on the following references:
[14–19, 28, 30, 31, 36, 50, 51, 58, 64, 82, 84, 94, 102, 110–114]. For more information we refer to the main text of this paper. CORT is corticosterone;
MR is mineralocorticoid receptors; GR is glucocorticoid receptors; VTA is ventral tegmental area, A9 dopaminergic neurons.

pyramidal neurons, indicating enhancement of glutamate
excitatory outflow from the hippocampus [60, 64, 65, 112].
Grace [36] highlights an important role of the afferent
circuits in processing of contextual and emotion-loaded
information that operate reciprocally from the hippocampal
ventral subiculum and the basolateral amygdala in regulating
A9 dopaminergic activity [14]. This afferent excitatory control
would be driving the behavioural expression of accumbens
dopamine release as can be demonstrated by coping with the
forced swim stressor. The optogenetic experiments by Tye
et al. [31] indeed show an executive role for the mesolimbic
dopaminergic system in the transitions between active and
passive coping, while Warden et al. [30] and Cabib and
Puglisi-Allegra [16] showed evidence for implication of the
mPFC circuitry. Then, after the initial test the preferred
passive coping style is stored in memory for future use by
a GR dependent process in the hippocampal dentate gyrus
[17, 19]. We refer to Figure 5 for some of the elements that
may be involved in processing the forced swim stressor in the
brain.
How hippocampal MR participates through enhanced
excitatory transmission in the transition between active
and passive behaviour needs to be investigated. That the
subsequent rise in CORT after forced swim activates GR to
promote consolidation and retention of the coping style in the
memory is firmly established. For this purpose an epigenetic
mechanism underlying consolidation of the acquired immobility has been identified in the hippocampal dentate gyrus
[19]. Furthermore, a history of chronic stress downregulates
in particular hippocampal MR [76, 93], introducing a bias,
which is reflected by altering the genomic response in hippocampus and dentate gyrus to forced swim [94]. Part of this
response is mimicked by CORT action with consequences in
the dentate gyrus neurogenic niche [102, 113].

Floating has been a criterion in the past to judge the
witchcraft outcome of forced swim [114], but today it is in
use to label a rodent as being depressed. In fact, the number
of research papers that intentionally used the FST to assess a
depression-like phenotype has shown a dramatic increase in
recent years, now amounting to almost one paper per day [8].
Hence, this anthropomorphic interpretation of coping with
the forced swim stressor is remarkable, since alternatively
the forced swim experience provides a unique challenge to
investigate how information processing occurs to achieve
stress adaptation.
The use of acquired immobility to diagnose depression in
a rat should not be encouraged. What we do encourage is to
use the forced swim stressor in research on the mechanism
of coping and adaptation that counts to understand an
evolutionary-conserved energy-sparing survival mechanism
of passive coping with an apparent inescapable/uncontrollable situation.
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[20] V. Castagné, P. Moser, and R. D. Porsolt, “Behavioral assessment
of antidepressant activity in rodents,” in Methods of Behavior
Analysis in Neuroscience, K. R. Bailey and J. N. Crawley, Eds.,
CRC Press, Boca Raton, Fla, USA, 2009.
[21] P. Spinhoven, B. M. Elzinga, J. G. F. M. Hovens et al., “The
specificity of childhood adversities and negative life events
across the life span to anxiety and depressive disorders,” Journal
of Affective Disorders, vol. 126, no. 1-2, pp. 103–112, 2010.
[22] J. J. Mann, “The medical management of depression,” The New
England Journal of Medicine, vol. 353, no. 17, pp. 1819–1834, 2005.
[23] J. M. De Pablo, J. Ortiz-Caro, F. Sanchez-Santed, and A.
Guillamón, “Effects of diazepam, pentobarbital, scopolamine
and the timing of saline injection on learned immobility in rats,”
Physiology & Behavior, vol. 50, no. 5, pp. 895–899, 1991.
[24] J. Krogh, M. Nordentoft, J. A. C. Sterne, and D. A. Lawlor,
“The effect of exercise in clinically depressed adults: systematic
review and meta-analysis of randomized controlled trials,”
Journal of Clinical Psychiatry, vol. 72, no. 4, pp. 529–538, 2011.
[25] R. D. Porsolt, “Behavioral despair: past and future,” in New
Directions in Affective Disorders, pp. 17–20, Springer, New York,
NY, USA, 1989.
[26] F. Borsini, G. Volterra, and A. Meli, “Does the behavioral
‘despair’ test measure ‘despair’?” Physiology and Behavior, vol.
38, no. 3, pp. 385–386, 1986.
[27] K. A. O’Neill and D. Valentino, “Escapability and generalization:
effect on ‘behavioral despair’,” European Journal of Pharmacology, vol. 78, no. 3, pp. 379–380, 1982.
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[111] M. Joëls and T. Z. Baram, “The neuro-symphony of stress,”
Nature Reviews Neuroscience, vol. 10, no. 6, pp. 459–466, 2009.
[112] M. Popoli, Z. Yan, B. S. McEwen, and G. Sanacora, “The stressed
synapse: the impact of stress and glucocorticoids on glutamate
transmission,” Nature Reviews Neuroscience, vol. 13, no. 1, pp.
22–37, 2012.

13
[113] C. P. Fitzsimons, L. W. A. van Hooijdonk, M. Schouten et al.,
“Knockdown of the glucocorticoid receptor alters functional
integration of newborn neurons in the adult hippocampus and
impairs fear-motivated behavior,” Molecular Psychiatry, vol. 18,
no. 9, pp. 993–1005, 2013.
[114] G. F. Jensen, The Path of the Devil: Early Modern Witch Hunts,
Rowman & Littlefield, Lanham, Md, USA, 2007.
[115] S. Vogel, F. Klumpers, H. J. Krugers et al., “Blocking the
mineralocorticoid receptor in humans prevents the stressinduced enhancement of centromedial amygdala connectivity
with the dorsal striatum,” Neuropsychopharmacology, vol. 40,
no. 4, pp. 947–956, 2015.

Hindawi Publishing Corporation
Neural Plasticity
Volume 2016, Article ID 4928081, 6 pages
http://dx.doi.org/10.1155/2016/4928081

Review Article
Seeding Stress Resilience through Inoculation
Archana Ashokan, Meenalochani Sivasubramanian, and Rupshi Mitra
School of Biological Sciences, Nanyang Technological University, Singapore 637551
Correspondence should be addressed to Rupshi Mitra; rmitra@ntu.edu.sg
Received 27 June 2015; Revised 11 October 2015; Accepted 4 November 2015
Academic Editor: Laura Musazzi
Copyright © 2016 Archana Ashokan et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
Stress is a generalized set of physiological and psychological responses observed when an organism is placed under challenging
circumstances. The stress response allows organisms to reattain the equilibrium in face of perturbations. Unfortunately, chronic
and/or traumatic exposure to stress frequently overwhelms coping ability of an individual. This is manifested as symptoms affecting
emotions and cognition in stress-related mental disorders. Thus environmental interventions that promote resilience in face of
stress have much clinical relevance. Focus of the bulk of relevant neurobiological research at present remains on negative aspects
of health and psychological outcomes of stress exposure. Yet exposure to the stress itself can promote resilience to subsequent
stressful episodes later in the life. This is especially true if the prior stress occurs early in life, is mild in its magnitude, and
is controllable by the individual. This articulation has been referred to as “stress inoculation,” reminiscent of resilience to the
pathology generated through vaccination by attenuated pathogen itself. Using experimental evidence from animal models, this
review explores relationship between nature of the “inoculum” stress and subsequent psychological resilience.

1. Stress and Stress Inoculation
Stress is a nonspecific response of the body to any demand
placed by external environment or internal metabolic milieu
[1]. The stress response itself cannot be eradicated or evaded
for very long because these challenges are inevitable aspects
of life. The concept of stress was first introduced in the
work of Selye [1], who observed that individual animals
exhibited a “general adaptation syndrome” when confronted
with a variety of perturbations. He argued for a common
bodily mechanism that was invoked during these challenging
episodes and termed it “stress,” further remarking that the
stress “suffers from the mixed blessing of being too well
known and too little understood” [1]. In due course of time
psychological dimensions were included in the repertoire of
stress syndrome, including emotional and cognitive facets.
In recent decades, relationship between stress and predisposition to mental disorders has gained mounting importance
[2]. This renewed focus is borne out by reclassification
of stress and trauma related disorders as an identifiable
mental disorder in recent diagnostic manual [3]. The clinical
interest is paralleled by increasing knowledge about neural
and endocrine underpinnings of this process. In this regard,

feedback loops between adrenal hormones and discrete
brain regions have been extensively described and analysed
(succinctly reviewed in [4–7]).
Despite its negative connotations, stress has an adaptive
value in that it promotes homeostasis. Exposure to stressful
events that are not devastating, yet challenging enough
to provoke emotional instigation and cognitive processing,
might nurture successful coping with subsequent stressors.
Thus exposure to prolonged unpredictable and uncontrollable stress induces long-term neurological impairment, but
exposure to moderately stressful and controllable events
seems to increase efficacy of regulating future stress response.
This phenomenon has been referred to as “stress inoculation”
[8]. Rhetorically, stress inoculation is reminiscent of protection from a pathology afforded by prior inoculation with
attenuated pathological agent. Just as vaccination by a dead
or weakened pathogen enables the body to mount a longlasting immune response, exposure to moderate amount
of stress enables organisms to effectively cope with future
stressors. Although this hypothesis has great potential, it
remains relatively understudied at present.
The effects of stress on health outcomes often vary in
a nonlinear manner with severity of the stress, roughly
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corresponding to an inverted U shaped reaction norm [9–
11]. When starting from a low baseline, moderate amount
of stressful challenge enhances both short-term and longterm health outcomes. With successive increase in severity,
stress leads to diminished health leading to an inverted U
relationship between stress and health parameters. The idea
of inverted U shaped reaction norm was first formalized
to explain relationship between arousal levels and strength
of discrimination based learning [12]. The concept has
been subsequently used to empirically explain variation in
behaviour with respect to different kinds and strengths of
stressor. A few studies have also demonstrated this relationship within a single experimental design. For example, rats
swimming in colder water experience greater secretion of
stress hormones (16∘ C > 19∘ C > 25∘ C) when undergoing
training for spatial learning in radial arm water maze.
Animals trained at moderate stress levels of 19∘ C perform
fewer errors compared to those trained at either 16∘ C or 25∘ C
[13]. Similarly direction of the corticosterone influence on
hippocampal primed burst potentiation is dependent upon
the concentration of this stress hormone [14]. Briefly, primed
burst potentiation utilizes electrical stimulation that mimics
pattern of endogenous activity of hippocampal neurons,
leading to long-lasting increase in synaptic strength [15].
Low to medium corticosterone levels are positively correlated
with primed burst potentiation, representing ascending part
of the inverse U. At higher concentration, corticosterone
levels become negatively correlated with electrophysiological
potentiation, reflecting descending part of the curve.
Various factors influence the shape and inflexion point of
such inverted U curve. These include age, sex, and predictability of the stress [16–19]. Very importantly, these factors
also include degree, nature, and developmental timing of the
historical stress exposure [20]. These factors are capable of
shifting the curve from its general course towards either
stress pathologies or stress resilience [9]. The essence of stress
inoculation thus lies in the idea that prior stress exposure can
induce resilience to later stress, if the prior stress is of optimal
degree and provided at crucial stage of life.

2. State of Current Animal Models
Animals models are primarily used for stress research due
to the methodological and ethical limitations involved in
human studies [21]. A good animal model of stress inoculation will ideally comprise face validity, construct validity,
and predictive validity (e.g., [22, 23]). In other words, an
animal model of stress inoculation must contain elements
that are analogous to human stress inoculation. It must
comprise measurable endpoint that accurately reflects the
unmeasurable theoretical construct of stress inoculation.
Additionally, animal model in question must be able to
prospectively predict strength of the inoculation. Beyond
these, the animal models should be consistent and reproducible and have internal controls to measure influence
of confound like locomotion or nutrition. Unfortunately, a
consensus about the animal model that meets these criteria
for stress inoculation remains elusive at present. A variety of
inoculum stressors and correspondingly varied subsequent
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stressors to test the inoculation have been used. Further work
is required to refine animal models with respect to both
external and internal validity.
Within the limits of current animal models, researches on
rodents and primates support the stress inoculation hypothesis and provide insight into its neurobiological mechanisms.
Broadly, early life stress inoculation triggers broad developmental cascades that increase adaptation. For example,
studies on male and female squirrel monkeys show that a
brief intermittent maternal separation during early childhood
enhances long-lasting and trait-like transformation in the
multiple domains of adaptive functioning [24]. Young male
and female monkeys presented with a moderate stressor in
the form of periodic short maternal separation from postnatal
week 17 to postnatal week 27 experienced acute distress during the separation periods manifested by agitation and temporary elevation in the stress hormone levels [25]. However
later in life, at nine months of age, the same set of monkeys
demonstrated lower anxiety and decreased stress hormone
levels when compared to the control animals. Further these
inoculated monkeys showed higher cognitive control when
accessed at 1.5 years of age, higher curiosity when accessed
at 2.5 years, and larger prefrontal cortex volume at 3.3 years
of age, compared to the age matched noninoculated controls
[25, 26]. These results suggest that engagement in new
situations that require challenging but not overwhelmingly
stressful experiences results in enduring effects that stimulate
adaptation in cognitive, motivational, and socioemotional
aspect of behaviour in primates.
Early developmental stages of an individual asymmetrically contribute to the shaping of resilience in later life.
Several studies have demonstrated entrainment of adult
behaviour as a consequence of stress during early development. For example, squirrels change their growth trajectories
based on in utero exposure to stress [27], and early childhood
stress results in earlier menarche in human females [28] and
aversive conditioning during infancy blunts the strength of
further conditioning in adulthood [29]. Congruently, majority of studies pertaining to stress inoculation provide initial
stress in early life [30–34]. For instance, maternal separation
in infant rodents since birth (continuously for 2 weeks, 3
hours per day) gives rise to hyperactive stress responses in the
form of heightened stress hormone release [34]. However, intermittent brief separation of these pups from the
mother results in adaptive endocrine responses characterizing resilient features [32]. Similarly in primates, when fourmonth-old squirrel monkeys are exposed to intermittent
levels of the same form of maternal separation (ten sessions
per week), it leads to emotionally stable responses under
stressful situations and lowered release of stress hormones
accompanied by more exploration of novel settings [24]. This
presents an exemplary case of stress inoculation which is
dependent on the developmental stage of an individual.
In should be noted that resilience in models involving
maternal separation could result from behavioural change in
either mother or the offspring. In other words, it is possible
that early life stress promotes resilience because the separation changes maternal behaviour towards pups rather
than stress inoculation of the pups themselves. For example,
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brief intermittent exposure to foot shock during infancy
augments resilience. This is due to the increased maternal
stimulation received after the rat pups are returned to their
nest. This increased maternal stimulation has been shown
to enhance stress regulation in pups that endure into their
adulthood [30]. In contrast to rats, similar effects have not
been observed in primates. For example, differences in the
maternal behaviour did not correspond with differences in
the development of arousal regulation in young monkeys
[33]. Thus both the locus of initial behavioural change and the
outcome can be idiosyncratically specific to the species being
studied. This creates further challenge to create an animal
model for studying stress inoculation in humans.
While early life has a long-lasting influence on the stress
inoculation, several papers have also reported protective
effects of preceding stress in adulthood. Thus stress inoculation in male mice by exposure to mild stress (noncontact
interaction via resident intrusion) in adulthood leads to
more emotionally stable response, lowered depressive like
symptoms, and enhanced exploratory behaviour [35]. The
same study also showed reduced secretion of stress hormones
in response to repeated restraint. Similarly, exposure to
three or more mild restraints before inescapable shock or
three sessions of inescapable tail-shocks with intervening
rest days attenuates development of learned helplessness in
male rats [36]. In adult female squirrel monkeys, intermittent
separation from group and introduction of novel group
partners create a stress inoculation against future stressor
[37]. This manifests as reduction in anhedonia and reduced
activation of stress hormone axis when inoculated animals
are exposed to a subsequent social separation. This generality
of inoculation models across developmental stages, if reinforced by further studies, creates greater opportunity for use
of this paradigm in the adulthood.
Gender presents an important consideration when interpreting effects of stress inoculation. Sexually dimorphic
gonadal hormones robustly interact with brain and behaviour, including the stress response (reviewed in [38–41]). For
example, major depression and anxiety disorder are more
prevalent in women of reproductive age than corresponding
male population [42]. In rats, chronic stress causes lesser anxiogenesis in females compared to males [43–46]. Biological
substrates of gender dimorphism pertaining to stress remain
understudied. Similarly, reasons for discordant direction of
stress effects on humans and rodents are unclear at present.

3. Environmental Manipulation:
A Potential Regulator for
Hypothalamus-Pituitary-Adrenal Axis Tone
The degree of control that an animal has on a specific stressor
plays a key role in defining whether the event will lead
to ensuing vulnerability or resilience to the stress. Animals
administered with unavoidable and unpredictable shock tend
to develop exaggerated fear response, heightened anxiety,
and deficits in active coping when faced with subsequent
stressor [47], a phenomenon often referred to as learned
helplessness [48]. However, animals that are given shock and
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are concomitantly given the ability to avoid them by modifying their behaviour do not develop learned helplessness [49,
50]. Similar effects have been observed in humans, whereby
individuals previously inoculated by a controllable stress
acquire resilience to a broader range of other subsequent
stressors [51].
In terms of the endocrine activation, stress inoculation
results in lower responsiveness and earlier termination of
stress hormone secretion, while severe stress results in the
opposite effect. For example, repeated maternal separation
of rat pups results in lower expression of glucocorticoid
receptors (GRs) in the hippocampus when these pups reach
adulthood [52]. The hippocampal glucocorticoid receptors
bind to circulating corticosterone (CORT), a stress hormone
secreted by adrenal glands. The occupancy of these GRs then
sends a negative feedback to the hypothalamus-pituitaryadrenal axis, thus terminating further stress hormone release.
A reduction in glucocorticoid receptors leads to reduced
efficacy of this negative feedback which then blunts the
ability to terminate ongoing stress response. This example
demonstrates that early environment can have long-lasting
implications for future stress response.
CORT, the primary ligand for GR, is often measured to
reflect ongoing stress response [53, 54]. Amount of circulating
CORT in rodents (cortisol in primates) exhibits robust sensitivity to the environment [55]. For example, introduction of
novelty in the environment causes increase in CORT, leading
to an emotional arousal in the individual [56]. Modulations
in the environment on an intermittent basis might lead to
increase or decrease of CORT and when this is done in
moderation, it can cause a shift in the threshold of the HPA
activity for an individual [55, 57]. The resultant effect would
reflect the shift in the inverted U shaped curve of stress
response which corresponds to stress inoculation [9]. In brief,
stress inoculation can shift dose response curve between
future stress and performance leftward (greater performance
at lower levels of future stress) and/or rightward (greater
tolerance to higher level of stress) [9].
Thus both stress response and CORT are exquisitely
responsive to the degree and nature of environmental
changes. Interestingly, CORT itself causes differential neural
plasticity in different brain regions. For example, chronic
stress which raises the circulating CORT leads to neuronal
atrophy in the hippocampus but hypertrophy in the basolateral amygdala (BLA) [58–60]. These contrasting effects
are suggested to cause reduced memory performance due
to chronic stress mediated by its hippocampal effects and
increased anxiety mediated by its amygdalar effects. The dorsal region of the hippocampus is necessary for spatial learning
and is directly linked to stress-induced memory deficits [61,
62]. Likewise, intra-BLA experimental manipulation suggests
necessity and sufficiency of BLA changes for stress-induced
anxiogenesis. For example, decreasing excitability of BLA
neurons by overexpression of SK2 K+ channels simultaneously reduces stress-induced stress hormone secretion,
anxiety, and BLA hypertrophy [63]. Similarly, rerouting of
stress hormone signalling away from glucocorticoid receptors
within BLA also reduces anxiety [64–66].
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Several studies described above have used CORT levels
as a proxy for HPA tone and implicitly as a proxy for stress
responsiveness. Yet the relationship between CORT levels
and HPA responsiveness is not linear. For example, effects of
CORT depend on expression of GR and relative expression of
GR/MR, in addition to specific brain regions expressing these
receptors. It is noteworthy that an experimental change in
ratio between MR and GR expression in the hippocampus can
drastically change memory [67, 68]. Similar manipulation in
the amygdala reduces anxiety and future endogenous CORT
release [64]. This suggests that effects of CORT on brain
and behaviour are dependent on expression level of receptors
and type of the central receptors (GR and MR) available.
The importance of the central receptors is further supported
by the observations that stress in rodents and monkeys can
downregulate hippocampal GRs and thus is secondarily leading to loss of negative feedback of CORT secretion [69, 70]. In
this context, it is interesting that hippocampus and amygdala
exhibit differential expression of GR and MR [52, 71].
Cognitive decline associated with hippocampus has been
extensively studied in respect to effects of stress (reviewed in
[60, 72, 73]). However BLA, which is critical for generation
and maintenance of fear and anxiety [74], has been relatively
understudied in this regard [75, 76]. Future studies to bridge
this gap will hopefully bring more clarity to biological
mechanisms of stress inoculation.
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Although activity-dependent transcription represents a crucial mechanism for long-lasting experience-dependent changes in the
hippocampus, limited data exist on its contribution to pathological conditions. We aim to investigate the influence of chronic stress
on the activity-dependent transcription of brain-derived neurotrophic factor (BDNF). The ex vivo methodology of acute stimulation
of hippocampal slices obtained from rats exposed to chronic mild stress (CMS) was used to evaluate whether the adverse experience
may alter activity-dependent BDNF gene expression. CMS reduces BDNF expression and that acute depolarization significantly
upregulates total BDNF mRNA levels only in control animals, showing that CMS exposure may alter BDNF transcription
under basal conditions and during neuronal activation. Moreover, while the basal effect of CMS on total BDNF reflects parallel
modulations of all the transcripts examined, isoform-specific changes were found after depolarization. This different effect was
also observed in the activation of intracellular signaling pathways related to the neurotrophin. In conclusion, our study discloses a
functional alteration of BDNF transcription as a consequence of stress. Being the activity-regulated transcription a critical process
in synaptic and neuronal plasticity, the different regulation of individual BDNF promoters may contribute to long-lasting changes,
which are fundamental for the vulnerability of the hippocampus to stress-related diseases.

1. Introduction
One of the most remarkable features of the hippocampus is
its ability to shape its functions and adapt to environmental
changes through different mechanisms allowing neurons to
adjust their properties according to their activity. These
characteristics are crucial not only because of the role of this
brain region in synaptic plasticity in the context of learning
and memory [1], but also considering that a deficit in this
skill might result in pathologic conditions. For example,
given the high sensitivity to stress of the hippocampus [2–
4], different studies have shown an association between
hippocampal dysfunctions and stress-related diseases, such
as major depression or posttraumatic stress disorders [5, 6].
Activity-regulated transcription plays a crucial role in hippocampal function [7] and may be altered under pathologic
conditions [8]. A key gene for these mechanisms encodes

the neurotrophin brain-derived neurotrophic factor (BDNF)
that, in addition to supporting neuronal survival during CNS
development [9, 10], represents an important mediator of
neuronal plasticity in adulthood [11, 12]. Activity-dependent
regulation of BDNF occurs through complex transcriptional
mechanisms, with at least eight distinct promoters that drive
the transcription of distinct mRNAs, each containing an
alternative 5I exon spliced to a common 3I coding exon
[13–15]. Although Bdnf promoters are differently responsive
to neuronal activation [16–18], limited data are available
to explain how pathological conditions may affect activitydependent BDNF transcription. Therefore, the aim of our
study was to investigate the activity-dependent transcription
of the neurotrophin in the hippocampus of rats exposed to
chronic stress. In depth, we used the ex vivo methodology
of the acute stimulation of hippocampal slices obtained
from rats exposed to a chronic unpredictable stress (CMS)
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0

CMS
Type of stressor:
(i) Food or water
deprivation
(ii) 2 h immobilization
(iii) Light on overnight
(iv) Soiled cage
(v) Crowding
(vi) Isolation

24 h
21 days

Control:
15-minute KCl 5 mM

Killing
Dissect hippocampus
Take 300 𝜇m slices

Depolarization:
15-minute KCl 50 mM

Figure 1: Experimental paradigm. Adult male Sprague Dawley rats were subjected to the stress procedure for 3 weeks and then sacrificed by
decapitation after 24 hours from the last stressor. The brains were rapidly removed for hippocampal slices preparation. The slices, after a period
of adaptation in oxygenated Krebs buffer, were incubated for 15 minutes in presence or absence of KCl 50 mM to test the effects of ex vivo depolarization. After the incubation period, hippocampal slices were collected, frozen on dry ice, and stored at −80∘ C until the molecular analyses.

paradigm to evaluate the different responsiveness to depolarization in terms of BDNF expression and signaling. This
experimental approach replicates many aspects of the in vivo
context as slices largely preserve the tissue architecture of
the brain region they originated from and maintain neuronal activities with intact functional local synaptic circuitry.
Hence, they are ideal platforms for dissection of molecular
pathways underlying neuronal dysfunction.

2. Methods
General reagents were purchased from Sigma-Aldrich
(Milan, Italy), and molecular biology reagents were
obtained from Applied Biosystems Italia (Monza, Italy),
Bio-Rad Laboratories S.r.l. Italia (Segrate, Italy), Santa Cruz
Biotechnology (Santa Cruz, CA, USA), and Cell Signaling
Technology (Danvers, MA, USA).
2.1. Animals. Adult male Sprague-Dawley rats (Charles River,
Calco, Italy) weighing 300–350 g were used throughout the
experiments. Rats were housed in groups of 3 per cage under
standard conditions (12 h light/dark cycle with food and water
ad libitum) and were exposed to daily handling for 2 weeks
before any treatment. All animal handling and experimental
procedures were approved by the University of Milan Institutional Animal Care and Use Committee and adhered to
the Italian legislation on animal experimentation (Decreto
Legislativo 116/92), the EU (EU Directive 2010/63/EU), and
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. All efforts were made to minimize
animal suffering and to reduce the number of animals used.
2.2. Chronic Mild Stress Paradigm. For chronic mild stress,
animals were randomly divided into stressed and no-stressed
groups (𝑛 = 6 in each experimental group). Sham (nostressed) animals were kept undisturbed in their home cages
during the entire experiment except for handling manipulation every 2 days during weighing, while stressed (CMS)
rats were instead exposed for 3 weeks to a variable sequence
of mild, unpredictable stressors, whose application started at
different times every day to minimize habits and therefore
predictability. The stressors used were the following: 24 h food
deprivation, isolation overnight, 2 h restraint, 24 h empty

water bottle, soiled cage overnight, light on overnight, and
light on and overcrowding overnight. The impact of CMS
was demonstrated by a significant loss of body-weight gain,
paralleled by reduced food and water consumption, as well
as by reduced preference for sucrose solution with respect
to control animals [19]. Twenty-four hours after having
been subjected to the last stressor, animals were sacrificed
by decapitation and the brains rapidly removed for the
hippocampal slices preparation (Figure 1).
2.3. Preparation of Hippocampal Slices. Hippocampal slices
were prepared (Figure 1) as described by Gardoni and colleagues [20]. Briefly, removed brains were immediately placed
into chilled (4∘ C) oxygenated Krebs buffer and after removing
the meninges, hippocampi were rapidly dissected and quickly
sliced with a McIlwain tissue chopper. The slices (300 𝜇m)
were then placed for 30 minutes in custom-made chambers
continuously equilibrated with O2 95%–CO2 5% (v/v) oxygenated Krebs buffer. To induce activity-dependent transcription, potassium chloride depolarization was used. After the
equilibration period, slices prepared by CTRL and STRESS
rats were incubated for 15 min in presence or absence of KCl
50 mM before being collected, frozen on dry ice, and stored
at −80∘ C until the molecular analyses. The 𝑛 for the two different experimental conditions was 6 for acute depolarization
treatment and 3 for the physiological situation (Krebs buffer).
2.4. RNA Preparation and Quantification of BDNF mRNA
Expression by Real-Time RT Quantitative PCR. In order
to measure BDNF mRNA levels, total RNA was isolated
from hippocampal slices by single step guanidinium isothiocyanate/phenol extraction using PureZol RNA isolation
reagent (Bio-Rad Laboratories S.r.l. Italia) according to the
manufacturer’s instructions and quantified by spectrophotometric analysis. The samples were then processed for
real-time polymerase chain reaction (PCR) to assess BDNF
mRNA levels as previously reported [21]. Briefly, a 2 𝜇g
aliquot of each sample was treated with DNase to avoid DNA
contamination and subsequently reverse transcribed using
a High-Capacity cDNA Archive commercial kit (Applied
Biosystems Italia, Monza, MI, Italy). The real-time PCR
reaction was performed using the ABI Prism 7000 Sequence
Detection System (Applied Biosystems Italia, Monza, MI,
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Italy) with the TaqMan Gene Expression Master Mix (Applied
Biosystems Italia, Monza, MI, Italy) and the following
TaqMan Gene Expression Assay purchased from Applied
Biosystems:
Total Bdnf : ID Rn02531967 s1; Bdnf transcript IV: ID
Rn01484927 m1; Bdnf transcript VI: ID Rn01484928 m1;
Bdnf transcript IXa forward primer: TGGTGTCCCCAAGAAAGTAA and reverse primer: CACGTGCTCAAAAGTGTCAG.
After an initial step at 50∘ C for 2 min and at 95∘ C for
10 min, 40 cycles of PCR were performed. Each PCR cycle
consisted of heating the samples at 95∘ C for 15 s to enable
the melting process and then for 1 min at 60∘ C for the
annealing and extension reaction. Each sample was assayed in
duplicate using two independent retrotranscription products.
A comparative cycle threshold (Ct) method was used to
determine the relative target gene expression. Data have been
expressed as percentage calculated from the expression of the
target genes normalized on rat glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene expression as control gene
(ID GAPDH TaqMan probe: Rn99999916 s1).
2.5. Preparation of Protein Extracts. Hippocampal slices were
homogenized in a glass-glass potter in cold 0.32 M sucrose
buffer pH 7.4 containing 1 mM HEPES, 0.1 mM EGTA,
and 0.1 mM PMSF, in presence of commercial cocktails of
protease (cod. 11697498001, Roche, Monza, Italy) and phosphatase (cod. P5726, Sigma-Aldrich) inhibitors. The total
homogenate (H) was clarified at 1000 g for 10 min obtaining a
pellet (P1) corresponding to the nuclear fraction, which was
resuspended in a buffer (20 mM HEPES, 0.1 mM DTT, and
0.1 mM EGTA) supplemented with protease and phosphatase
inhibitors. Total protein content was measured according to
the Bradford Protein Assay procedure (Bio-Rad, Milan, Italy),
using bovine serum albumin as calibration standard.
2.6. Western Blot Analysis. By Western blot analysis, protein
extracts were used to assess the phosphorylated and the
total levels of several components of BDNF-related signaling
pathways in the homogenate (ERK1/2, AKT, and GSK-3𝛽)
and of the transcription factor CREB in the nuclear fraction.
The same amounts of total protein for all the samples
(10 𝜇g for ERK1/2, AKT, and GSK-3𝛽; 20 𝜇g for CREB)
were run on an SDS-8% polyacrylamide gel under reducing
conditions and then electrophoretically transferred onto
nitrocellulose membranes (Bio-Rad, Milan, Italy). The blots
were blocked with 10% nonfat dry milk and then incubated
with the primary antibodies, following the manufacturer’s
instructions, as summarized in Table 1. Membranes were then
incubated for 1 h at room temperature with the appropriate
secondary antibody (see Table 1); immunocomplexes were
visualized by chemiluminescence, using the ECL Western
blotting kit (Amersham Life Sciences, Milan, Italy), according
to the manufacturer’s instructions.
Results were standardized to 𝛽-actin as control protein,
which was detected by evaluating the band density at 43 kDa
after probing the membranes with a polyclonal antibody
(Sigma, dilution 1 : 10000) followed by a 1 : 10000 dilution of
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Table 1: Antibodies conditions used in the Western blot analyses.
Gene
Phospho-ERK1/2
Y204/Y187
(42–44 kDa)
ERK1/2
(42–44 kDa)
Phospho-CREB S133
(43 kDa)
CREB
(43 kDa)
Phospho-AKT S473
(60 kDa)
AKT
(60 kDa)
Phospho-GSK3𝛽 S9
(46 kDa)
GSK3𝛽
(46 kDa)

𝛽-ACTIN

Primary antibody
1 : 1000 (Cell
Signaling; #4370)
4∘ C, O/N
1 : 5000 (Sigma;
M3807),
RT, 2 h
1 : 1000 (Cell
Signaling; #4276),
4∘ C, O/N
1 : 1000 (Cell
Signaling; #9197),
4∘ C, O/N
1 : 1000 (Cell
Signaling; #4060),
4∘ C, O/N
1 : 1000 (Cell
Signaling; #9272),
RT, 2 h
1 : 1000 (Cell
Signaling; #9336),
4∘ C, O/N
1 : 2500 (BD
Transduction;
610201)
RT, 2 h
1 : 10000 (Sigma;
A5441),
RT, 1 h

Secondary antibody
Anti-mouse,
1 : 2000, RT, 1 h
Anti-rabbit,
1 : 5000, RT, 1 h
Anti-rabbit,
1 : 2000, RT, 1 h
Anti-rabbit,
1 : 2000, RT, 1 h
Anti-rabbit,
1 : 2000, RT, 1 h
Anti-rabbit,
1 : 1000, RT, 1 h
Anti-rabbit,
1 : 5000, RT, 1 h
Anti-mouse,
1 : 5000, RT, 1 h
Anti-mouse,
1 : 10000, RT, 1 h

peroxidase-conjugated anti-mouse IgG (Sigma). Quantification of the immunoblots was performed using Quantity One
software (Bio-Rad).
2.7. Statistical Analyses. Behavioral data were analyzed with
Student’s t-test (weight gain, panel A) and with the oneway analysis of variance (ANOVA) (weight and cage food
consumption, panels B and C). Molecular data were analyzed
with two-way ANOVA, with stress (No Stress versus Stress)
and depolarization (KCl 5 mM versus KCl 50 mM) as independent factors and mRNA or protein levels as dependent
variables. When needed, further differences were analyzed
by Single Contrast post hoc test (SCPHT). Significance was
assumed for 𝑃 < 0.05. For graphic clarity, data are presented
as means percent ± standard error (SEM) of control group,
namely, hippocampal slices obtained from no-stressed rats
and incubated with KCl 5 mM (the same concentration in
Krebs buffer).

3. Results
3.1. Effects of CMS on Body Weight. We first established the
effectiveness of the adverse manipulation by measuring body
weight. As shown in Figure 2(a), animals exposed to 3 weeks
of CMS showed significantly less weight gain when compared
with control animals (𝑃 < 0.001, Student’s t-test) starting
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Figure 2: Effects of CMS on weight gain and food consuming behavior. Animals subjected to the stress procedure showed a decrease in body
weight, presented as a direct comparison with the control group at 21 days (a) and as a time course during the stress period (b). (c) Showing
the profile of food consumption during the 21 days of CMS procedure. ∗∗ 𝑃 < 0.01, ∗∗∗ 𝑃 < 0.001 versus No Stress animals. Student’s t-test
and one-way ANOVA.

from the third day of stress (Figure 2(b), one-way ANOVA),
an effect that may be due also to the reduction of food
consumption (Figure 2(c), one-way ANOVA).
Moreover, we previously showed that the exposure to 3
weeks of CMS induced a significantly reduced preference for
sucrose solution [19]. These changes are clear indicators of the
efficacy of the stressful manipulation.
3.2. Analysis of Bdnf Gene Expression. As a first step, we
evaluated the effect of chronic stress on total Bdnf (exon
IX) gene expression and the CMS paradigm was found to
significantly modulate the neurotrophin (𝐹1,18 = 32.240,
𝑃 < 0.001; ANOVA). In deep, as shown in Figure 3(a),
total Bdnf mRNA levels were reduced in hippocampal slices
prepared from stressed rats (−39% versus No Stress/KCl
5 mM, 𝑃 < 0.001; SCPHT). When hippocampal slices were
exposed to depolarizing concentration of KCl, total Bdnf
mRNAs were significantly modulated (𝐹1,18 = 7.888, 𝑃 <
0.01). Indeed, BDNF expression increased in slices obtained
from unstressed rats (+51% versus No Stress/KCl 5 mM, 𝑃 =
0.01; SCPHT), whereas no changes were found in stressed rats
(+9% versus Stress/KCl 5 mM, 𝑃 > 0.05; SCPHT). In order

to gain further insight into the different responsiveness to
KCl, the expression profile of some neurotrophin transcripts,
namely, exons IV, VI, and IXa, was investigated. Similar to
what was observed for total Bdnf, chronic stress significantly
reduced the expression of all these isoforms (Figure 3(b),
isoform IV: −40%, 𝐹1,15 = 80.819, 𝑃 < 0.001; Figure 3(c),
isoform VI: −31%, 𝐹1,15 = 12.719, 𝑃 < 0.01; Figure 3(d),
isoform XIa: −42%, 𝐹1,15 = 29.455, 𝑃 < 0.001). Their gene
expression was also affected by depolarization (isoform IV:
𝐹1,15 = 15.548, 𝑃 < 0.01; isoform VI: 𝐹1,15 = 16.542, 𝑃 < 0.01;
isoform XIa: 𝐹1,15 = 21.278, 𝑃 < 0.001), but with different
effect. Incubation with 50 mM KCl significantly increased
isoform IV mRNA levels in control rats (Figure 3(b) +44%
versus No Stress/KCl 5 mM, 𝑃 < 0.001; SCPHT) but not in
stressed animals (+7% versus Stress/KCl 5 mM). Conversely,
under depolarizing conditions the expression of exon VI
was upregulated in stressed rats (Figure 3(c) +33% versus
Stress/KCl 5 mM, 𝑃 < 0.01; SCPHT) but not in the control
group (+4% versus No Stress/KCl 5 mM). Lastly, isoform
IXa mRNA levels were increased after depolarization in both
unstressed (+36% versus Stress/KCl 5 mM, 𝑃 < 0.01) and
stressed animals (+36% versus Stress/KCl 5 mM, 𝑃 < 0.05),
as shown in Figure 3(d).
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Figure 3: Analyses of BDNF gene expression. The mRNA levels of the total form of BDNF (a), BDNF isoform IV (b), isoform VI (c), and
isoform IXa were measured by qRT-PCR in hippocampal slices obtained from unstressed (No Stress) or chronically stressed (Stress) rats
exposed to KCl-induced depolarization (KCl 50 mM). The data, shown as a percentage referring to control group (No Stress/KCl 5 nM), are
the mean ± SEM of independent determinations. ∗∗ 𝑃 < 0.01, ∗∗∗ 𝑃 < 0.001 versus No Stress animals/KCl 5 nM; # 𝑃 < 0.05, ## 𝑃 < 0.01 versus
Stress/KCl 5 nM. Two-way ANOVA with SCPHT.

3.3. Analysis of BDNF Mediated Signaling. Afterwards, we
examined whether the different activity-dependent transcription of Bdnf seen in CMS rats was paralleled by changes in
signaling pathways related to the neurotrophin. We analyzed
the expression and the activation (phosphorylated form) of
ERK1/ERK2 (Tyr204 /Tyr187 ), Creb (Ser133 ), and AKT (Ser473 )
and its downstream target GSK-3𝛽 (Ser9 ) in protein extracts
obtained from hippocampal slices, under basal conditions or
following KCl-induced depolarization (Figure 4). Although
total levels of these signaling proteins were not modulated

by CMS or by acute depolarization, we found that the
phosphorylation of ERK1 and ERK2 (Figures 5(a) and 5(c))
was significantly affected by stress (pERK1: 𝐹1,11 = 41.084,
𝑃 < 0.001; pERK2: 𝐹1,12 = 7.457, 𝑃 < 0.05; ANOVA) and
depolarization (pERK1: 𝐹1,11 = 6.432, 𝑃 < 0.05; pERK2:
𝐹1,11 = 1.041, 𝑃 < 0.05; ANOVA). In depth, pERK1 levels (Figure 5(a)) were significantly reduced in hippocampal
slices obtained from stressed animals (pERK1 −42% versus
No Stress/KCl 5 mM, 𝑃 < 0.001). Moreover, KCl-induced
depolarization increased the phosphorylated forms of both
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Stress KCl 5 mM

No Stress KCl 50 mM
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Figure 4: Representative Western blot analyses of the phosphorylated forms of ERK1, ERK2, and CREB (a) and of AKT and GSK3𝛽 (b) and
their total forms (a and b). 𝛽-actin was used as internal standard (c). Experimental conditions are described in Methods.

proteins in hippocampal slices obtained from unstressed rats
(Figures 5(a) and 5(c)) (pERK1 +30% versus No Stress/KCl
5 mM, 𝑃 < 0.05; pERK2 +32% versus No Stress/KCl 5 mM,
𝑃 < 0.05; SCPHT), but not in slices obtained from animals
exposed to CMS.
Moreover, we investigated the expression levels and the
activation (Ser133 phosphorylation) (Figures 5(e) and 5(f)) of
the transcription factor CREB, which is a crucial downstream
element in BDNF-related signaling and a positive regulator
of neurotrophin transcription [7]. We observed that both
CMS and the acute depolarization displayed significant main
effects on pCREB (𝐹1,10 = 58.179, 𝑃 < 0.001 and 𝐹1,10 =
58.179, 𝑃 < 0.05, resp.). Similar to what was observed
for total BDNF and isoform IV expression, pCREB levels
were reduced in slices obtained from stressed rats (−32%
versus No Stress/KCl 5 mM, 𝑃 < 0.001, SCPHT), whereas
they were increased in response to depolarization only in
control animals (+25% versus No Stress/KCl 5 mM, 𝑃 < 0.05;
Figure 5(e)). Any effect on the levels of the total form of CREB
(Figure 5(f)) was found.
Conversely, neither chronic stress nor the acute depolarization was able to modulate the phosphorylation and the
total levels of AKT or GSK-3𝛽 in the hippocampal slices
(Figure 6).

4. Discussion
The results of our experiments disclose a novel and functional
level of regulation of BDNF transcription by chronic stress.
Indeed our data demonstrate not only that CMS paradigm
affects basal BDNF expression but also that it has functional
consequences on its activity-dependent regulation.
Different studies have examined the regulation of Bdnf
under chronic stress, a condition that may reproduce key
features of depression [22]. The interpretation of these data
is not univocal, since, sometimes, opposite results have
emerged based on differences in the experimental paradigm,
including timing, length, and type of stressors used [23, 24].
For example, it has been showed [24] that 3 weeks of stress
induced a significant increase of the protein levels of BDNF
in hippocampus. Even if this effect might seem to be in
contrast with our results, several reasons could explain this
discrepancy, such as the different stability of the mRNA
compared to protein. Another possibility could be that the
stress exposure may induce an increase of the translation
rate leading to a decrease of mRNA and a concomitant
upregulation of the protein levels. Anyway, as explained
below, also in the paper of Naert and colleagues [24] the
prolonged stress altered the response to a subsequent acute
challenge [24] that induced a decrease of BDNF protein levels
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Figure 5: Protein analyses of BDNF mediated signaling: ERK1/2 kinases and CREB. The protein levels of the phosphorylated forms of ERK1
(a), ERK2 (c), and CREB (e) and their total forms (b, d, and f, resp.) were measured by Western blot analyses on protein extracts obtained from
hippocampal slices obtained from unstressed (No Stress) or chronically stressed (Stress) rats exposed to KCl-induced depolarization (KCl
50 mM). The data, shown as a percentage referring to control group (No Stress/KCl 5 nM), are the mean ± SEM of independent determinations.
∗
∗∗∗
𝑃 < 0.05,
𝑃 < 0.001 versus No Stress animals/KCl 5 nM. Two-way ANOVA with SCPHT.
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Figure 6: Protein analyses of BDNF mediated signaling: AKT and GSK3𝛽. The protein levels of the phosphorylated forms of AKT (a) and
GSK3𝛽 (c) and their total forms (b and d, resp.) were measured by Western blot analyses on protein extracts obtained from hippocampal
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(while, according to our data, an increase was observed in the
control rats).
Our results are in line with the “classic” view, according
to which CMS may lead to functional impairment through
a decreased expression of neurotrophic molecules, such as
BDNF [25].
However, our study provides evidence for a novel degree
of regulation, demonstrating that activity-dependent modulation of the neurotrophin is impaired in the hippocampus of
CMS rats. Since activity-dependent transcription represents
a plastic mechanism for sustaining specific neurotrophin
functions such as cognition, learning, and memory [26], the

impairment of such mechanism in CMS rats may contribute
to reduced plasticity and diminished ability to cope with
under challenging conditions. Such defect is primarily
sustained by changes in the modulation of exon IV, the major
activity-dependent transcript in the hippocampus [15] whose
deficits have been associated with a depressive phenotype
[27, 28]. Indeed, while basal effect of CMS on total Bdnf
reflects parallel modulation of all the isoforms examined,
their analysis, following neuronal activation, provides
further insight into mechanisms that may be affected by
CMS. Only the expression profile of isoform IV completely
reflects the modulation of total Bdnf. The increased mRNA
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levels of this transcript after depolarization are in line with
the well-characterized Ca++ -dependent modulation of its
promoter [16, 29, 30] and might represent a “positive”
response to enhance specific functions. In line with this
hypothesis, results obtained in our laboratory have shown
that activity-dependent transcription of the neurotrophin
is facilitated by chronic treatment with antidepressants [21],
and isoform IV specifically participates in the restorative
properties of antidepressant in a genetic model of anxiety
and depression [31]. Among the calcium-responsive elements
mapped in Bdnf promoter IV, the cAMP/Ca++ -response
element (CaRE3/CRE) appears particularly important for the
depolarization-induced transcription [17, 32, 33]. Our data
on pCREB support this mechanism and clearly show that the
activity of the transcription factor may be compromised by
chronic stress.
Chronic stress also leads to a significant impairment of
the MAPK pathway activation that represents a crucial point
of convergence between different extracellular signals. This
effect may result from reduced activity-dependent release
of BDNF as well as from depolarization-induced changes
of neurotransmitters release. Notably, the activation profile
of ERK1/ERK2 in our paradigm paralleled the modulation
of total Bdnf and of isoform IV, thus suggesting that the
changes of these kinases may contribute to the alterations
found in activity-dependent Bdnf transcription. Conversely,
any effects on the activation and on the total levels of GSK and
AKT were observed. These results seem to be in contrast with
other studies [34–36] showing that the stress exposure influences the function of these pathways, but direct comparison
between those results and ours is not recommended because
of the different experimental conditions used.
Differently to isoform IV, isoform VI is modulated in
an opposite manner, with its transcription being upregulated in CMS hippocampal slices exposed to depolarization.
This suggests that the systems responsible for isoform VI
activity-dependent transcription become more active even
though CMS per se reduces its mRNA levels. Glucocorticoid
hormones, which have an inhibitory control on exon VI
transcription [37, 38], may eventually contribute to CMSinduced reduction. Conversely, since different intracellular
systems participate in activity-dependent transcription of
exon VI [39], it can be inferred that the enhanced levels of
its mRNA levels in stimulated slices from CMS rats might
result from the contribution and cooperation of multiple
pathways differently modulated by stress and depolarization.
A different influence of CMS on Bdnf activity-dependent
transcription was observed for isoform IXa, whose mRNA
levels were upregulated by depolarization in both unstressed
and stress rats. Given the current lack of information on
the regulation of this transcript, we cannot speculate on the
mechanisms sustaining the observed effect but only highlight
that BDNF transcripts may undergo different stress activitydependent changes, which may hold implications for the
diverse functions that are controlled by the neurotrophin.
To sum up, by using the ex vivo methodology of acute
stimulation of hippocampal slices, we demonstrated that
the activity-dependent modulation of BDNF expression is
significantly affected by CMS exposure, thus disclosing a
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novel functional level of regulation of the neurotrophin by
chronic stress. Given the importance of neuronal activityregulated transcription as a critical process in synaptic and
neuronal plasticity, the ability of adverse events to differently
modify its control on individual BDNF promoters might be
a finely regulated and flexible mechanism that contributes
to long-lasting, experience-dependent changes in the hippocampus. Alternatively, the different regulation of BDNF
promoters in our paradigm could result in altered translation,
trafficking, and activation of signal transduction pathways
that may eventually underline divergent consequences for
hippocampal structure and function. Further investigations
of these mechanisms may provide useful information on
upstream or downstream molecular processes that, by contributing to stress-related disorders, may be a potential target
for pharmacological intervention.
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Received 25 June 2015; Revised 7 October 2015; Accepted 19 October 2015
Academic Editor: Laura Musazzi
Copyright © 2016 Thomas Larrieu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Extensive evidence suggests that long term dietary n-3 polyunsaturated fatty acids (PUFAs) deficiency results in altered
emotional behaviour. We have recently demonstrated that n-3 PUFAs deficiency induces emotional alterations through abnormal
corticosterone secretion which leads to altered dendritic arborisation in the prefrontal cortex (PFC). Here we show that
hypothalamic-pituitary-adrenal (HPA) axis feedback inhibition was not compromised in n-3 deficient mice. Rather, glucocorticoid
receptor (GR) signaling pathway was inactivated in the PFC but not in the hippocampus of n-3 deficient mice. Consequently,
only dendritic arborisation in PFC was affected by dietary n-3 PUFAs deficiency. In addition, occlusion experiment with GR
blockade altered GR signaling in the PFC of control mice, with no further alterations in n-3 deficient mice. In conclusion, n-3
PUFAs deficiency compromised PFC, leading to dendritic atrophy, but did not change hippocampal GR function and dendritic
arborisation. We argue that this GR sensitivity contributes to n-3 PUFAs deficiency-related emotional behaviour deficits.

1. Introduction
Early life stress, including malnutrition, results in altered
synaptic and behavioural functions in adult life [1–3]. Among
the myriad of components of food, polyunsaturated fatty
acids (PUFAs) have received substantial consideration as
being relevant to many diseases, including anxiety and
depression [4–6]. A compelling body of evidence reveals
that anxiety and depressive disorders are linked to dietary
lipids, especially the n-3 PUFAs [1, 7–12]. Dysfunction of
the hypothalamic-pituitary adrenal (HPA) axis including
glucocorticoid receptor (GR) signaling pathway remains one
of the cardinal features of depression and anxiety [13–17].

Although several mechanisms underlying the effects of
dietary n-3 PUFAs deficiency on emotional behaviour have
been described (see [18] for review), those specifically related
to HPA axis function remain poorly understood. Using an
animal model of maternal dietary n-3 PUFAs deficiency,
we recently found that mice that were fed a deficient diet
in n-3 PUFAs were under a chronic stress state reflected
by behavioural and neuronal changes that resemble those
of mice exposed to social defeat stress. These effects were
mediated by HPA axis hyperactivity and were reversed by n3 PUFAs supplementation [19]. Despite the clear importance
of dietary n-3 PUFAs in maintaining HPA axis function and
preventing emotional impairment, mechanisms by which n-3
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PUFAs deficiency induces HPA axis hyperactivity remain
largely unexplored. Here, we confirmed and followed up on
our initial observations by determining of the processes by
which nutritional n-3 PUFAs deficiency induces HPA axis
hyperactivity. To do so, we aimed at investigating the effects of
maternal dietary n-3 PUFAs deficiency on GR-mediated HPA
axis feedback inhibition along with GR signaling pathway
and neuronal arborisation in prefrontal and hippocampal
brain structures. Here we found that GR signaling pathway
was inactivated in the prefrontal cortex (PFC) but not in
the hippocampus of omega-3 deficient mice. Consequently,
only dendritic arborisation in PFC was affected by dietary n3 PUFAs deficiency. In addition, occlusion experiment with
GR blockade altered GR signaling in the PFC of control
mice as well as anxiety and social behaviour with no further
alterations in n-3 deficient mice. We argue that this GR
sensitivity contributes to n-3 PUFAs deficiency-related HPA
axis deregulation.

2. Methods
2.1. Animals. All experiments were performed according
to criteria of the European Communities Council Directive (50120103-A). Behavioural and biochemical experiments
were performed on C57Bl6/J mice obtained from Charles
River (L’Arbresle, France). Mice were maintained under standard housing conditions on corn cob litter in a temperaturecontrolled (23 ± 1∘ C) and humidity-controlled (40%) animal
room with a 12 h light/dark cycle (7:00–19:00), with ad libitum
access to food and water. CD1 mice used as the social target
were obtained from Charles River. All tests were conducted
during the light period. C57BL6/J male mice were housed
individually and were 3-4 months old when the behavioural
analysis and biochemical analysis were conducted.
2.2. Diets. C57Bl6/J mice were given water and isocaloric
experimental diets ad libitum (pellets prepared by UPAEINRA, Jouy-en-Josas, France, replaced daily) as previously
described [1, 20, 21]. After mating, C57BL6/J females were fed
throughout gestation and lactation with a diet containing 6%
of rapeseed oil (rich in 𝛼-linolenic acid, 18:3n-3; the control
diet) or 6% fat in the form of sunflower oil (rich in linoleic
acid, 18:2n-6; the n-3 deficient diet). After weaning, male
offspring were fed with the same diet as their dam until the
end of the experiments.
2.3. Surgery and Mifepristone Treatment. For pellets implantation, the skin was lifted on the back side of the C57BL6/J
male mice and an incision was made. A pocket was formed
with a pair of forceps about 2 cm beyond the incision
site. Finally, mifepristone or placebo pellets were implanted
into the pocket with forceps. Mifepristone pellets released
continuously 20 mg/kg/day for 21 days (Innovative Research
of America (IRA)). Innocuousness of the compound at this
dose and time has been revealed by measuring body weight
change and locomotor activity (data not shown). After 21
days of treatment, open-field and social interaction tests
were performed as described below. (see Figure 3(a) for the
timeline).
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2.4. Behavioural Testing. Social interaction measurement
was performed as previously published [1, 20]. Mice were
transferred to a new cage (40 × 40 cm). A social interaction
session comprised 5 minutes without target followed by 5minute exposure of an unfamiliar adult CD1 male enclosed
in a wire mesh placed in the corner of the field. Number of
active investigatory behaviours (mainly sniffing the anogenital region, mouth, ears, trunk, and tail) was manually counted
by an experimenter blind to the conditions.
Open-field test was performed as previously published
[19, 20]. The apparatus consisted of a Plexiglas open-field
(40 × 40 cm) with 16 cm high walls. Lighting consisted of four
fluorescent bulbs at a height of 2 m above the floor of an openfield apparatus placed on each corner of the experiment room
(light intensity of 35 Lux). The floor was cleaned between each
trial to avoid olfactory clues. Each mouse was transferred to
an open field facing a corner and was allowed to freely explore
for 10 minutes an open field. A video tracking system (Smart,
Panlab, Spain) recorded the exact track of each mouse as well
as total distance travelled (cm) and the percentage of time
spent in the centre.
2.5. Plasmatic Corticosterone Analysis. Trunk blood collection in ethylenediaminetetraacetic acid-lined tubes (EDTA)
was performed during diurnal rise period, previously determined to occur 60 minutes before lights went off. Corticosterone was measured with an in-house RIA in the plasma
as previously described [19]. Briefly, after steroid extraction
with absolute ethanol, total corticosterone was measured by
competition between cold corticosterone (B) and 3H-B (B∗ )
by a specific anti-corticosterone antibody provided by Dr. H.
Vaudry (University of Rouen, France).
2.6. Morphological Analysis. Brains were quickly removed,
washed in PBS, and processed for staining of individual
neurons following the manufacturer’s instructions for the
rapid Golgi kit (FD Neurotech). Golgi stained brain slices
of 100 𝜇m containing the PFC were used for morphological
analysis. Pyramidal neurons of dorsal CA1 region of hippocampus (from −1.34 to −2.30 mm anterior to bregma) and
PFC II/III layers were chosen for morphological analysis in
our study. The dorsal PFC can be divided into dorsolateral
PFC including frontal association (FrA) cortex (from 2.58 to
3.08 mm anterior to bregma) and dorsomedial PFC including prelimbic (PL) cortex (from 1.5 to 2.3 mm anterior to
bregma). Pyramidal neurons within this region are defined
as having a cell body which is immediately lateral to layer
I, which is relatively absent of cells. These neurons are also
defined by the presence of a basilar dendritic tree and a
clearly defined single apical dendrite that projects toward
the pial surface. For analysis, cells that met the following
criteria were chosen: (1) relative isolation of the cell body from
neighbouring impregnated neurons; (2) cell bodies existing
between 150 and 250 𝜇m from the pial surface to prevent
artefacts due to unrepresentative sampling from neurons of
varying distance from the midline; and (3) the presence of
intact primary, secondary, and tertiary dendrites. As our
previous study, which has examined the effects of nutritional
omega-3 deficiency and stress on this neuronal class within
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the mPFC, has found selective effects on the apical dendrites,
as opposed to the basal dendrites, analysis was restricted
to the apical dendritic tree. Three to 5 neurons per mouse
and per region were reconstructed by a trained experimenter
blind to the conditions using a Zeiss microscope Axio Imager
2 (×100) and analysed using the Neurolucida software. Sholl
analysis was performed, in which the centre of the soma was
used as a reference point and dendritic length was quantified
both as a total measure per cell and as a function of radial
distance from the soma in 10 𝜇m increments.
2.7. Western Blot Analysis. One day after the last behavioural
test, mice used for the occlusion experiment were sacrificed
and the brain was quickly removed from the skull and
rinsed in cold Milli-Q water to remove any surface blood.
Prefrontal cortex was collected with a blade and forceps
after removing the olfactory bulbs. Right after rolling out the
cortex from both hemispheres, hippocampus was dissected
from the cortex using forceps. Collected tissues were flash
frozen in dry ice and stored at −80∘ C until analysis. Western
blot measurement was performed as previously described [19,
20]. PFC and hippocampus were homogenised in lysis buffer
(TRIS 20 mM pH 7.5, antiprotease cocktail, 5 mM MgCl2,
1 mM DTT, 0.5 M EDTA, 1 mM NaOV, and 1 mM NaF). After
centrifugation, protein concentration was determined using a
BCA assay kit (Uptima, Montluçon, France). Equal amounts
of proteins (50 𝜇g) were loaded onto SDS-PAGE gel (10%) and
transferred onto PVDF membrane (Millipore, Billerica, MA,
USA). Membranes were incubated overnight (4∘ C) with antiGR (M-20) (1 : 5000, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-FKBP51 (1 : 500, Santa Cruz Biotechnology),
anti-E6AP (H-182) (1 : 500, Santa Cruz Biotechnology), and
anti-actin (1 : 2500, Sigma, Saint-Louis, MS, USA) antibodies.
After washing, membranes were incubated 1 h with rabbit
peroxidase-conjugated secondary antibody (1 : 5000, Jackson
ImmunoResearch laboratories, West Grove). Between each
revelation, membranes were incubated 15 minutes in stripping buffer (Re-Blot Plus, Millipore) to remove the previous
antibody. Staining was revealed with ECL-Plus Western
blotting system (Perkin Elmer, Forest City, CA). Chemiluminescence was captured and quantified using GeneTools
software (Syngene).
2.8. Dexamethasone Suppression Test. The mice received a
single intraperitoneal injection of dexamethasone dissolved
in saline (0.9% NaCl, 0.1 mg per kg; 0.1 mL per 10 g of
mouse; Sigma-Aldrich, France) or 0.9% NaCl in control
condition 6 hours before decapitation and determination of
total corticosterone levels in plasma as previously described
[22].
2.9. Statistical Analyses. All values are given as mean ±
SEM. Results obtained in mifepristone and dexamethasone
experiments were all analysed by a two-way analysis of
variance (ANOVA), with treatment and diet as fixed factors.
Analyses were followed by Bonferroni post hoc test when
appropriate. Results obtained in morphological experiments
were all analysed by an unpaired 𝑡-test. All statistical tests
were performed with GraphPad Prism (GraphPad software)
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using a critical probability of 𝑝 < 0.05. Statistical analyses
performed for each experiment are summarised in each
legend of figures with the chosen statistical test, 𝑛 and 𝑝
values, degree of freedom, and 𝐹/𝑡 values.

3. Results
We investigated plasma corticosterone levels in undisturbed
control diet and n-3 deficient mice to confirm our previous
data [19]. Figure 1 shows that dietary n-3 PUFAs deficiency
induced a significant increase in total plasma corticosterone
levels compared with control diet in basal conditions. In order
to understand how dietary n-3 PUFAs deficiency leads to corticosterone hypersecretion, we then tested whether HPA axis
feedback regulation was compromised in n-3 deficient mice.
Some depressed patients and mice that display depressionrelated behaviours show impaired suppression of endogenous
glucocorticoids by the synthetic glucocorticoid dexamethasone [23]. For this purpose, we used this clinically established
neuroendocrinological test, the dexamethasone suppression
test [22]. We found that dexamethasone at the dose of
0.1 mg/kg effectively suppressed the corticosterone release in
control diet mice (Figure 2). Surprisingly, we found that, six
hours after dexamethasone treatment, n-3 deficient mice also
exhibited a decrease in total corticosterone levels in plasma as
compared to their respective saline group. This result suggests
that HPA axis feedback induced by dexamethasone is intact
in mice fed with a deficient diet in n-3 PUFAs.
In patients with major depression, diminished GR expression or function has been postulated as causative factor for
their increased HPA axis activity. We then asked whether
altered GR signaling pathway in distinct brain structures
positioned to inhibit the glucocorticoids stress response
could partially explain HPA axis hyperactivity observed in
n-3 deficient mice. Indeed, GR-mediated signaling in PFC
and hippocampus is a pivotal component that contributes to
the stress response, particularly in the context of HPA axis
feedback desensitisation. In order to evaluate GR signaling in
those structures, we used a Western blot method and analysed
GR protein as well as FK506 binding protein 51 (FKBP51)
protein expression which contains a glucocorticoid response
element (GRE) and is modulated by glucocorticoids [24].
We found that expressions of GR and GR-responsive gene
FKBP51 were downregulated in PFC of n-3 deficient mice
as compared to control diet mice (Figures 3(b) and 3(c)).
This result suggests that GR signaling pathway is inactivated
in the PFC of n-3 deficient mice. If this hypothesis is true,
the effect of chronic GR inactivation with the GR antagonist
mifepristone on GR signaling in the PFC should not be
detected in n-3 deficient mice. Consistent with this scenario,
we found that mifepristone in n-3 deficient mice did not
induce any further alterations on both GR (Figure 3(b))
and FKBP51 (Figure 3(c)) expressions in the PFC. Also, GR
occlusion experiment revealed that GR signaling impairment
found in the PFC of n-3 deficient mice was similar to that
observed in control diet mice treated with mifepristone.
Although FKBP51 expression was significantly higher in the
hippocampus of n-3 deficient mice as compared to control
diet mice (Figure 3(f)), no change in GR expression was
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Figure 1: Effects of n-3 deficient diet on total plasma corticosterone
levels. N-3 deficient mice showed total corticosterone elevation as
compared to control diet mice in steady-state condition (𝑡7 = 2.472,
∗𝑝
< 0.05, unpaired 𝑡-test, 𝑛 = 4-5 per group). Data are displayed as
mean ± SEM.

found in the hippocampus (Figure 3(e)). In addition, we
found that expression of GR in the hippocampus was reduced
after 21 days of mifepristone treatment whatever the diet
group (Figure 3(e)), revealing intact GR response to mifepristone in the hippocampus of n-3 deficient mice. Finally, we
found that expression of the transcriptional coactivator of
GRs E6-associated protein (E6AP) was unaffected by the
diet or the treatment in the PFC of n-3 deficient mice as
compared to the control diet mice (Figure 3(d)). On the
contrary, the hippocampus of n-3 deficient mice showed a
significant increase of the expression of E6AP whatever the
treatment as compared to the control diet mice (Figure 3(g)).
At the emotional level, exploratory behaviours with emotional load (open-field and social interaction) are impaired
in mice with defective HPA axis function [25–27]. We found
that n-3 deficient mice did not engage new mice socially
and exhibited anxiety-like behaviour in an open-field test,
consistent with previous reports from our group [1, 19, 20].
This was revealed by a reduction in the number of active
explorations of a new unfamiliar mouse (Figure 3(h)) and
in the time spent exploring the centre of an open field
(Figure 3(i)) compared to control diet mice. Interestingly, n-3
deficient mice displayed a behavioural impairment comparable with control diet mice treated with the GR antagonist
mifepristone. Increased anxiety-related and social avoidance

Dex
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Control diet
N-3 deficient diet

Dex

40

0

NaCl

Total corticosterone (nM)

140

Control diet
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(b)

Figure 2: Corticosterone levels after dexamethasone application. (a)
Experimental timeline. The mice received a single intraperitoneal
injection of dexamethasone dissolved in saline or NaCl 6 hours
before decapitation and determination of total corticosterone levels
in plasma. (b) A significant interaction between diet and treatment
was revealed on corticosterone suppression (interaction: 𝐹1,22 =
12.58, 𝑝 < 0.01, two-way ANOVA, Bonferroni’s test; 𝑛 = 6-7 per
group). After administration of dexamethasone both control diet
and n-3 deficient mice showed decreased corticosterone levels in
plasma. Data are displayed as mean ± SEM.

behaviour induced by mifepristone treatment was not linked
to impaired motor locomotion. We found no difference
regarding the total distance travelled whatever the group
(data not shown). Altogether, these findings suggest that
altered GR signaling pathway in PFC is closely associated
with social and anxiety-related behaviours deficits induced by
nutritional n-3 PUFAs deficiency.
Glucocorticoid receptor signaling has a crucial role in
shaping neuronal morphology [28]. We have previously
shown that nutritional n-3 PUFAs deficiency results in
neuronal atrophy in the PFC [19]. Here, we aimed at investigating neuronal morphology in an additional structure,
the hippocampus, in which no change was observed in GR
protein levels in n-3 deficient mice. 3D morphometric analysis of Golgi-impregnated neurons revealed that exposure
to nutritional n-3 PUFAs deficiency induced detrimental
effects on the PFC pyramidal neurons. This was shown by
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Figure 3: Effects of n-3 deficient diet on GR signaling pathway and emotional behaviours. (a) Experimental timeline. Mifepristone pellets
released continuously 20 mg/kg/day for 21 days. After 21 days of treatment, open-field and social interaction tests were performed. One day
after the last behavioural test, mice were sacrificed for Western blot analysis. (b, c) A significant interaction between diet and treatment was
revealed on both (b) GR (interaction: 𝐹1,14 = 5.540, 𝑝 < 0.05, two-way ANOVA, Bonferroni’s test; 𝑛 = 4-5 per group) and (c) FKBP51
expression in the PFC (interaction: 𝐹1,17 = 7.584, 𝑝 < 0.05, two-way ANOVA, Bonferroni’s test; 𝑛 = 4-5 per group). (d) No change was
revealed in the expression of E6AP in the PFC of mice (interaction: 𝐹1,21 = 0.9281, 𝑝 = 0.3463, diet effect: 𝐹1,21 = 0.1845, 𝑝 = 0.6719,
treatment effect: 𝐹1,21 = 0.07035, 𝑝 = 0.7934, two-way ANOVA; 𝑛 = 6-7 per group). (e) Mifepristone effect on GR occurred in the HC
regardless of the diet condition (treatment effect: 𝐹1,17 = 5.991, 𝑝 < 0.05, two-way ANOVA; 𝑛 = 4-5 per group). (f) A significant interaction
between diet and treatment was revealed on FKBP51 expression in the hippocampus (interaction: 𝐹1,16 = 4.631, 𝑝 < 0.05, two-way ANOVA,
Bonferroni’s test; 𝑛 = 4 per group). (g) The expression of E6AP in the HC of n-3 deficient mice was reduced as compared to control diet
mice whatever the treatment (interaction: 𝐹1,20 = 0.3197, 𝑝 = 0.5781, diet effect: 𝐹1,20 = 4.571, 𝑝 = 0.0451, treatment effect: 𝐹1,20 = 1.250,
𝑝 = 0.2769, two-way ANOVA; 𝑛 = 5–7 per group). A significant interaction between diet and treatment was revealed on both (h) social
interaction (interaction: 𝐹1,31 = 16.27, 𝑝 < 0.001, two-way ANOVA, Bonferroni’s test; 𝑛 = 8–10 per group) and (i) open-field test (interaction:
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a decrease in the total apical dendritic material in both
dlPFC and dmPFC (Figures 4(a) and 4(b)). Furthermore,
Sholl analysis was employed to determine the region of the
apical dendritic tree at which the reduction in dendritic
material was seen [29, 30]. This analysis revealed that, relative
to control diet mice, dietary n-3 PUFAs deficiency reduced
dendritic material in dlPFC and dmPFC at segments which
were 80–120 𝜇m and 80–150 𝜇m from the soma, respectively.
Interestingly, no change in total apical dendritic material was
found in the dorsal CA1 of hippocampal pyramidal neurons
of n-3 deficient mice as compared to control diet mice
(Figure 4(c)). No significant changes were observed in Sholl
analysis for apical dendritic arborisation in the dorsal CA1
between control diet and n-3 deficient mice in total length.
Collectively, these data suggest region-specific alteration of
PFC pyramidal neurons morphology and function.

4. Discussion
The brain is highly enriched in long-chain polyunsaturated
fatty acids including arachidonic acid (AA) and docosahexaenoic acid (DHA) that regulate both the structure and the
function of neurons [18]. Hence, it is not surprising that
modification of brain PUFAs contents might be involved
in the genesis of neuropsychopathologies. Nutritional n-3
PUFAs deficiency observed in Western countries has been
associated with many diseases including anxiety and depression but the underlying pathophysiological mechanisms
remain poorly understood. Here, we report that mice fed
with a deficient diet in n-3 PUFAs demonstrated the ability
to inhibit HPA axis after dexamethasone treatment which
seems to be inconsistent with a depression-like phenotype.
This suggests functional negative feedback which may be
partially attributable to normal GR expression observed in
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Figure 4: Effect of maternal n-3 deficient diet on dendritic arborisation in the PFC and hippocampus. (a, b, c left) dlPFC, dmPFC, and dorsal
CA1 regions are represented. N-3 deficient diet induced shrinking of apical dendritic arborisation on pyramidal neurons of dlPFC (𝑡28 = 3.323,
∗∗ 𝑝
< 0.01, unpaired 𝑡-test, 𝑛 = 15 neurons per group) and of dmPFC (𝑡34 = 4.125, ∗∗∗ 𝑝 < 0.001, unpaired 𝑡-test, 𝑛 = 16 neurons per group).
Dietary n-3 PUFAs deficient diet did not alter dendritic arborisation in the dorsal CA1 of the hippocampus (𝑡25 = 1.791, 𝑝 > 0.05, unpaired
𝑡-test, 𝑛 = 14 neurons per group). Data are displayed as mean ± SEM.

the hippocampus of n-3 deficient mice. Indeed, the hippocampus is known to be strongly involved in GR-mediated
negative feedback to the paraventricular nucleus of the
hypothalamus [31]. To support this idea, we found that
mifepristone reduced GR expression in the hippocampus
regardless of the diet condition suggesting intact GR functionality in the hippocampus of n-3 deficient mice. In addition, acting as an inhibitor of GR activity, FKBP51 determines
GR binding affinity to glucocorticoids. Its expression is also
activated by glucocorticoids and is involved in an intracellular
ultrashort negative feedback loop for GR activity (see [32]
for review). The present profile of high basal corticosterone
levels and the overexpression of FKBP51 in the HC of n-3
deficient mice both support the hypothesis of an enhanced
inhibition of corticosterone binding to the GR. Furthermore,

the overexpression of the transcriptional coactivator of GR
E6AP observed in the HC of n-3 deficient mice may explain
the fact that no change in GR expression was found. Taken
together, these findings suggest a possible compensatory
phenomenon involving FKBP51 and E6AP that preserves GR
integrity within the HC of n-3 deficient mice. In contrast
to the HC, occlusion experiment with mifepristone altered
GR signaling in the PFC of control mice, with no further
alterations in n-3 deficient mice. Thus, nutritional n-3 PUFAs
deficiency alone is able to occlude GR signaling, reflected
by a downregulation of GR and GR-responsive gene FKBP51
expressions in the PFC. GR downregulation is unlikely due
to transcriptional alterations as no change was found in the
expression of the transcriptional coactivator E6AP in the PFC
of control diet and n-3 deficient mice.
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Interestingly, the disruption of GR-signaling observed
in n-3 deficient mice was associated with social deficit and
anxiety-like behaviour. Our data agree with previous findings
showing that transgenic mice with decreased GR expression
in the brain (50%) or GR coactivator Ube3a knockout
mice display anxiety- and depression-like behaviours with a
reduced expression of FKBP51 in the cortex [22, 25]. In addition, a recent study in a clinical cohort has demonstrated a
link between FKBP51 and stress-related psychiatric disorders
[33].
Finally, our data revealed distinct regional alterations of
neuronal morphology after exposure to dietary n-3 PUFAs
deficiency. Nutritional n-3 PUFAs deficiency results in a
decrease in the total apical length in the PFC, while no change
was observed in the dorsal CA1 region of the hippocampus.
In addition, Sholl analysis revealed that this atrophy in
dendritic arborisation was driven by a loss of dendritic
material restricted to proximal/middle regions of the apical
dendritic arborisation (i.e., regions that were short of 180 𝜇m
from the cell body). Proximal/middle apical dendrites project
radially to local pyramidal cells and interneurons and are
the primary target of intracortical projections, while distal
apical dendrites in layer II/III pyramidal PFC neurons receive
projection from both hippocampal areas CA1 and CA3.
Thus, the atrophy of proximal/middle dendrites of layer IIIII pyramidal neurons observed within the PFC might be
a result of loss of intracortical input with intact input from
hippocampal pyramidal neurons. At the behavioural level,
both chronic inactivation of GR and nutritional n-3 PUFAs
deficiency produced exploratory behaviour impairments as
assessed by the open-field and the social interaction tests.
As no change in GR expression and dendritic arborisation
was found in hippocampal brain structure, the present study
strongly suggests that GR sensitivity is closely associated
with neuronal atrophy in the PFC of n-3 deficient mice that
could be involved in social interaction deficits and increased
anxiety-related behaviour. In conclusion, we here provide
strong validity of the maternal n-3 PUFAs deficient diet
as one of the many faces of stress that deeply affects GRdependent HPA axis function and neuronal morphology
plasticity in brain areas associated with emotional behaviour.
This study reinforces the idea of the usefulness of the dietary
n-3 PUFAs as an interesting tool for the design and testing
of new nonpharmacological strategies in the treatment of
neuropsychiatric disorders such as mood-related behaviours
[19] and fragile X syndrome [34].

Limitations
It is important to note some limitations of this work. First,
corticosterone levels were analysed only at one time point.
However, we are aware that it is necessary to take into
account the strong circadian secretion rhythms involving glucocorticoids. Second, corticosterone experiments provide us
with information regarding the total corticosterone secretion,
including the free and protein-bound forms. In future studies,
the measurement of both forms of corticosterone would help
identify specific alteration induced by dietary n-3 PUFAs
deficiency.
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n-3 polyunsaturated fatty acids deficiency alters cannabinoid
receptor signaling pathway in the brain and associated anxietylike behavior in mice,” Journal of Physiology and Biochemistry,
vol. 68, no. 4, pp. 671–681, 2012.
R. Mingam, A. Moranis, R.-M. Bluthé et al., “Uncoupling
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Extracellular signal-regulated kinase 1/2- (ERK1/2-) mediated cellular signaling plays a major role in synaptic and structural
plasticity. Although ERK1/2 signaling has been shown to be involved in stress and depression, whether vulnerability to develop
depression is associated with abnormalities in ERK1/2 signaling is not clearly known. The present study examined ERK1/2 signaling
in frontal cortex and hippocampus of rats that showed vulnerability (learned helplessness, (LH)) or resiliency (non-learned
helplessness, (non-LH)) to developing stress-induced depression. In frontal cortex and hippocampus of LH rats, we found that
mRNA and protein expressions of ERK1 and ERK2 were significantly reduced, which was associated with their reduced activation
and phosphorylation in cytosolic and nuclear fractions, where ERK1 and ERK2 target their substrates. In addition, ERK1/2-mediated
catalytic activities and phosphorylation of downstream substrates RSK1 (cytosolic and nuclear) and MSK1 (nuclear) were also lower
in the frontal cortex and hippocampus of LH rats without any change in their mRNA or protein expression. None of these changes
were evident in non-LH rats. Our study indicates that ERK1/2 signaling is differentially regulated in LH and non-LH rats and
suggests that abnormalities in ERK1/2 signaling may be crucial in the vulnerability to developing depression.

1. Introduction
Depression is a debilitating psychiatric illness with a lifetime
prevalence rate of about 5–20% [1–3]. A large number of
depressed patients do not respond to antidepressants and
a majority of them show resistance to treatment [4, 5].
This could partially be due to a lack of understanding of
the molecular mechanisms associated with the etiology and
pathogenesis of depression.
In recent years, the hypothesis that depression is associated with altered gene-environment interaction and impaired
synaptic and structural plasticity has gained significant
attention [6–9]. Extracellular signal-regulated kinases 1/2
(ERK1/2) signaling, which belongs to a large family of
mitogen-activated protein kinase signaling cascades, has
consistently been shown to have a major impact on both

synaptic plasticity and structural plasticity. This is evident
from studies showing their role in long-term potentiation,
long-term depression, and the regulation of neuronal survival
via neurotrophic/growth factors [10–12]. In this signaling
pathway, ERK1 and ERK2 are the two major components.
Both ERK1 and ERK2 are activated by upstream mitogenactivated protein kinase kinases MEK1 and MEK2 via phosphorylation at threonine and tyrosine residues within their
activation loop [13]. This phosphorylation facilitates transduction of extracellular signals from cell surface receptors
to the nucleus because phosphorylated ERK1 and ERK2 are
translocated from cytosol to nucleus where they further
phosphorylate target proteins and inhibit or activate transcription of a large number of genes [14]. Activated ERK1
and ERK2 can also affect the functions of various proteins
within the cytosol. Interestingly, because of a high homology
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in their amino acid sequences, ERK1 and ERK2 share several
common substrates [15, 16] that regulate neuronal excitability,
histone modifications, synaptogenesis, and cell cycle [17–23],
which thus participate in behavioral and cognitive processes
[24–26]. ERK1/2 signaling is terminated via dephosphorylation by “dual function” MAP kinase phosphatases [27, 28].
Because ERK1 and ERK2 regulate synaptic plasticity and
structural plasticity, in recent years, several studies have
focused their possible role in stress-related disorders such
as depression. We were the first to demonstrate that ERK1/2
signaling was hypoactive in the frontal cortical (Brodmann
areas 8, 9, and 10) and hippocampal brain areas of depressed
patients [29–31]. Recently, an integrated transcriptome analysis derived from rat and human prefrontal cortex has
identified ERK1/2 as one of the leading signaling kinases to
be highly associated with depression [32]. At the behavioral
level, ERK1 ablation in mice causes hyperactivity and resistance to behavioral despair [33, 34] and treatment of rats with
MEK inhibitor induces mood disorder-related behavioral
deficits [35]. On the other hand, peripheral injection of
MEK inhibitor eliminates the response to antidepressants in
behavioral despair [35]. Since adaptive/maladaptive response
to stress is crucial in inducing depression, it is interesting
to examine whether vulnerability or resiliency to developing
depression is associated with differential regulation of ERK1/2
signaling.
To do so, in the present study, we used an animal
model of depression that can distinguish vulnerability or
susceptibility to developing stress-induced depression. This
model is based on proactive interference with the acquisition of escape or avoidance response when animals are
subjected to unpredicted and uncontrollable stress [36]. In
this model, which is termed as learned helplessness (LH)
model of depression, rodents show emotional, cognitive, and
motivational deficits. On the other hand, the non-learned
helpless animals (non-LH, resilient), although given the
same uncontrollable and unpredictable stress, fail to show
such responses. This provides an opportunity to distinguish
the neurobiological factors associated with resiliency versus
vulnerability to developing depression. In our earlier studies,
we had modified the stress paradigm in such a way that it
significantly prolonged the duration of depressive behavior
from 24 hours to 14 days [37–39]. This is quite advantageous
in examining the factors associated with chronic depression.
Using this animal model, we explored whether ERK1/2
signaling plays a role in developing depressive behavior.
For this, in the frontal cortex and hippocampus of LH,
non-LH, and tested control (TC) rats, we determined the
activation and expression of ERK1 and ERK2 at both transcriptional and translational levels. The activation of ERK1
and ERK2 was determined in cytosolic and nuclear fractions
by examining expression levels of phosphorylated ERK1
and ERK2 and their mediated phosphorylation of substrate
Elk1. In addition, we examined functional significance of
altered ERK1 and ERK2 by determining activation and
expression of their downstream common substrates RSK
(90 kDa S6 kinase) and MSK (mitogen and stress-activated
kinase).
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2. Materials and Methods
Male Sprague-Dawley rats (Holtzman strain) weighing
between 325 and 370 g were obtained from Harlan SpragueDawley Laboratories, USA. Rats were placed at 21 ± 1∘ C
temperature and 55 ± 5% humidity. Initially, during acclimatization, rats were placed randomly (3/cage); however, after
initial behavioral testing, they were grouped according to
their behavioral phenotype. The light and dark cycle was 12
hours. Rats were given ad libitum food and water. The rats
were acclimatized for two weeks prior to the start of the shock
paradigm. All the behavioral experiments were performed
between 8 and 10 am. The protocol to induce learned helpless
behavior was approved by the Institutional Animal Care and
Use Committee of the University of Alabama at Birmingham.
All the experiments were done in 6 LH, 6 non-LH, and 6 TC
rats.
2.1. Induction of Learned Helpless Behavior. The protocol for
the induction of learned helpless behavior has been described
in great detail in our earlier publications [37–39]. Briefly, rats
were subjected to 100 random inescapable tail shocks (IS) at
the intensity of 1.0 mAmp for 5 seconds. The average interval
between two shocks was 60 seconds. Escape latency was
determined 24 hours later. These rats were given additional
IS on day 7 and tested for escape latency on day 8 and
again on day 14. Another group of rats were tested for escape
latency without giving any shock. These rats were termed
as tested control (TC). The escape latency was tested using
two different trials: FR1 and FR2. In FR1 (5 trials), rats were
given foot shock at the intensity of 0.6 mAmp at variable
time intervals. The rats had to escape the foot shock by
moving from one chamber to another. In FR2 (25 trials),
the rats had to cross from one chamber to the other and
had to come back to the original chamber to terminate
the shock. The shocks were terminated automatically after
30 sec. Escape latencies were automatically recorded through
computer generated programs (Med Associates, USA). All
the rats were sacrificed 24 hours after the last escape latency
test. Rats were decapitated and blood was collected for plasma
corticosterone levels (Abcam, USA). Various brain areas were
dissected immediately and kept at −80∘ C for analyses. Based
on escape latency in FR2 trial, rats were divided into two
groups: learned helpless (LH, showing escape latency ≥20
seconds) and non-learned helpless (non-LH, showing escape
latency <20 seconds). Generally, the rats who showed LH
behavior in the FR2 trial (day 2) remained LH throughout
the experimental duration (day 14). We found almost equal
distribution of rats among LH and non-LH groups.
2.2. Isolation of Cytosolic and Membrane Fractions. These
fractions were isolated at 4∘ C as previously described [37].
Briefly, frontal cortex and hippocampus were homogenized
in 10 mM HEPES buffer (pH 7.4), containing various protease
and phosphatase inhibitors (NaF [50 mM], phenylmethylsulfonyl fluoride [1 mM], ethylene glycol tetraacetic acid,
EGTA [1 mM], sodium orthovanadate [2 mM], ethylenediaminetetraacetic acid, EDTA [1 mM], sodium pyrophosphate
[10 mM], para-nitrophenylphosphate [4 Mm], leupeptin
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[10 𝜇g/mL], pepstatin A [10 𝜇g/mL], aprotinin [4 𝜇g/mL],
and NP-40 [0.5%]). The homogenate was centrifuged at
12,000 ×g for 1 hour. The supernatant was again centrifuged at
100,000 ×g for 1 hour. The pellet was the membrane fraction,
whereas the supernatant was used as cytosolic fraction.
The pellet containing the membrane fraction was suspended
in Tris-HCl buffer (50 mM, pH 7.5) containing various
protease and phosphatase inhibitors as described above. The
protein contents were measured by Lowry et al. [40].
2.3. Isolation of Nuclear Fraction. Frontal cortex and hippocampus were homogenized in a 10 mM HEPES buffer (pH
7.4) containing various protease and phosphatase inhibitors
as detailed above and spun at 100,000 ×g for 30 min. The pellet
was again homogenized in 20 mM HEPES buffer (pH 7.4)
containing glycerol (50%), NaCl (84 mM), MgCl2 (1.5 mM),
EDTA (0.4 mM), and various protease inhibitors, and it was
kept at 4∘ C for 15 min while shaking. The suspension was
centrifuged at 20,000 ×g for 15 min. As described earlier [37],
the purity of these fractions was confirmed using antibodies
against histone H2B (nuclear) and PKA RII subunit (cytosolic) (data not shown).
2.4. ERK1 and ERK2 Assay. The determination of catalytic
activities of ERK1 and ERK2 was performed by the procedure
described earlier [29]. The active ERK1 and ERK2 were
immunoprecipitated using p-ERK1/2 antibody (Santa Cruz
Biotechnology, USA). The immunoprecipitation technique
was followed as discussed in our earlier publication [41].
Protein A Sepharose beads were used to pull down active
ERK1 and ERK2 followed by centrifugation (2,500 rpm for
30 min) and the suspension was washed twice with 20 mM
Tris lysis buffer (pH 7.5) containing various phosphatase and
protease inhibitors and twice with 25 mM Tris (pH 7.5) kinase
buffer containing 𝛽-glycerophosphate (5 mM), 2 mM dithiothreitol (2 mM), sodium orthovanadate (0.1 mM), and MgCl2
(10 mM). The kinase reaction was initiated with suspending
the pellet in kinase buffer containing ATP (200 𝜇M) and
Elk1 fusion protein (2 𝜇g; GST fused to Elk1 codons 307–
428). The reaction was carried out for 30 minutes at 30∘ C
and terminated by adding Laemmli buffer. Samples were run
for gel electrophoresis followed by transfer to nitrocellulose
membrane and incubation with primary (p-Elk1; Santa Cruz
Biotechnology, USA) and HRP-conjugated anti-rabbit secondary antibody. Each membrane was stripped and reprobed
with 𝛽-actin primary antibody (Sigma Chemical Co., USA)
and anti-mouse secondary antibody. The optical density of
each band was calculated using software provided by Loats
Image Analysis System, USA. A ratio of the optical densities
of Elk1 and corresponding 𝛽-actin band was determined.
2.5. mRNA Expression of ERK1, ERK2, RSK1, and MSK1
by Quantitative Real-Time PCR. RNA from each sample
was isolated using TRIzol (Life Technologies, USA), and
purity ratios (260/280 nm and 260/230 nm) were assessed
by NanoDrop (Thermo Scientific). TaqMan primers and
probe sets (Life Technologies, USA) were used for qRTPCR. The methods for qRT-PCR were followed as described
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in the manufacturer’s protocol and discussed in our earlier
publication [39]. 𝛽-actin was used as endogenous control
(normalizer). Fold changes were calculated using 2−ΔΔCt
method [39].
2.6. Immunolabeling of ERK1 and ERK2 and total and ERK1/2Mediated Phosphorylation of RSK1 and MSK1. Expression
levels of total ERK1 and ERK2 were determined in total
tissue lysates, whereas total and phosphorylated RSK1 were
determined in both the cytosolic and nuclear fractions by
Western blot [29, 30]. The levels of total and p-MSK1 were
determined in the nuclear fraction. For ERK1/2-mediated
phosphorylation of RSK1 and MSK1, tissue samples were
immunoprecipitated with p-ERK1/2 antibody as discussed
above. Samples containing 25 𝜇g of protein were subjected
to gel electrophoresis followed by transfer to nitrocellulose membrane. Following were the primary antibodies
used: ERK1, ERK2 (Santa Cruz Biotechnology, USA), RSK1
(Abcam, USA), MSK1 (Santa Cruz Biotechnology, USA),
p-ERK1/ERK2 (Santa Cruz Biotechnology, USA), p-RSK1
(phospho-Ser380; Abcam, USA), and p-MSK1 (phosphoSer360; Abcam, USA). The dilution for each antibody was as
follows: ERK1 (1 : 1000), ERK2 (1 : 1000), RSK1 (1 : 1500), MSK1
(1 : 1000), p-ERK1/ERK2 (1 : 1000), p-RSK1 (1 : 1500), or pMSK1 (1 : 1000). The nitrocellulose membranes were stripped
using a buffer (Chemicon International, USA) and exposed
with 𝛽-actin antibody. The bands on the autoradiograms were
determined and ratio of the optical density of the protein of
interest to the corresponding 𝛽-actin band was calculated.
The results are given as percent of the control.
2.7. Immunoprecipitation and Assay of RSK1 and MSK1 Catalytic Activities. Tissues lysates (containing 100 𝜇g protein)
were immunoprecipitated using antibodies for MSK1 or RSK1
as described above. Their catalytic activities were assayed
essentially by the procedure described by Sapkota et al. [42].
The immunoprecipitates derived from protein A Sepharose
were washed with 50 mM Tris-HCl buffer (pH 7.5) containing EGTA (0.1 mM), 2-mercaptoethanol (0.1% v/v), PKA
inhibitor (2.5 𝜇M; TTYADFIASGRTGRRNAIHD), and magnesium acetate (10 mM). The reaction was initiated by adding
[𝛾-32 P]ATP (∼1000 cpm/pmol) and Crosstide (GRPRTSSFAEG, 30 𝜇M; Enzo Life Sciences, USA). The assay was
terminated after 15 min. One milliunit of activity denotes
the amount of enzyme that catalyzes the phosphorylation
of 1 pmol Crosstide per minute. The results are provided as
percent of control.
2.8. Statistical Analysis. Statistical Package for the Social
Sciences (SPSS) was used for all the data analysis. The data
are represented as mean ± standard deviation (SD). TC, LH,
and non-LH groups were compared using one-way ANOVA.
Post hoc comparisons were calculated by Tukey’s method
of multiple comparisons. All the 3 groups were compared
among each other: LH group was compared with TC and
non-LH groups; non-LH group was compared with LH and
TC groups; TC group was compared with LH and non-LH
groups. Significance level was set at 𝑃 < 0.05. Correlation
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Figure 1: Escape latencies in LH, non-LH, and TC rats measured on days 2, 8, and 14. Data are the mean ± SD from 6 rats in each group.
Overall group differences were as follows: day 2: 𝐹 = 2, 15, df = 179, and 𝑃 < 0.001; day 8: 𝐹 = 2, 15, df = 134, and 𝑃 < 0.001; and day 14:
𝐹 = 2, 15, df = 132, and 𝑃 < 0.001. Individual group analysis revealed that, at all these time intervals, LH group was significantly different
from NLH or TC groups (𝑃 < 0.001). There was no significant difference between NLH and TC groups.

P = 0.08

600

analyses were performed using Pearson product moment.
Statistical significance levels (overall and individual) are
provided in each figure legend.

P = 0.61

3. Results
3.1. Escape Latencies. As mentioned above, we determined
escape latencies on days 2, 8, and 14. The escape latencies in
LH rats were significantly greater than non-LH and TC rats at
all these 3 time points. There were no significant differences
between NLH and TC groups (Figure 1).
3.2. Serum Corticosterone Level. As indicated in Figure 2,
the plasma levels of CORT were not significantly different
between non-LH, LH, and TC rats.
3.3. Immunolabeling of ERK1 and ERK2. Representative
Western blots for ERK1 and ERK2 in frontal cortex and
hippocampus of various groups of rats are given in Figures
3(a) and 3(c), respectively. It was found that the expressions of
ERK1 and ERK2 were significantly decreased in frontal cortex
(Figure 3(b)) and hippocampus of LH rats (Figure 3(d)) when
compared with TC and non-LH rats. On the other hand, the
levels of ERK1 and ERK2 were similar in TC and non-LH rats
in both these brain areas.
3.4. mRNA Expression of ERK1 and ERK2. The gene expression of these two kinases was determined in the same samples
in which their protein levels were examined. As with protein
levels, mRNA expressions of ERK1 and ERK2 were significantly decreased in both frontal cortex (Figure 4(a)) and

Plasma CORT level (ng/mL)

500
P = 0.81
400

300

200

100

0

TC

NLH

LH

Figure 2: Plasma corticosterone (CORT) levels in TC, non-learned
helpless (non-LH), and learned helpless (LH) rats. Data are the mean
± SD from 6 animals per group. The overall group differences were
as follows: df = 2, 15, 𝐹 = 3.07, and 𝑃 = 0.29.

hippocampus (Figure 4(b)) of LH rats, whereas no significant
differences were found between non-LH and TC rats.
3.5. Catalytic Activities of ERK1 and ERK2. In previous
studies, we have characterized ERK1 and ERK2 catalytic
activities in cytosol and membrane fractions obtained from
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Figure 3: Western blots showing immunolabeling of ERK1 and ERK2 in frontal cortex (FC) (a) and hippocampus (b) of tested control (TC),
non-NLH (NLH), and learned helpless (LH) rats. 𝛽-actin was used as endogenous control and a ratio of optical density of ERK1 and ERK2 to
the optical density of the corresponding 𝛽-actin was calculated. (b) Mean ± SD of protein expression levels of ERK1 and ERK2 in FC (c) and
hippocampus (d) of TC, non-LH, and LH rats (𝑛 = 6/group). Overall group differences in the 3 groups are as follows. ERK1: FC, df = 2, 15,
𝐹 = 28.10, and 𝑃 < 0.001; hippocampus, df = 2, 15, 𝐹 = 14.35, and 𝑃 < 0.001. ERK2: FC, df = 2, 15, 𝐹 = 14.09, and 𝑃 < 0.001; hippocampus,
df = 2, 15, 𝐹 = 10.16, and 𝑃 < 0.002.

6

Neural Plasticity
P = 0.006

P = 0.05
P = 0.91

1.6

1.4
mRNA level of ERK1 (fold change)

mRNA level of ERK1 (fold change)

1.4
1.2
1.0
0.8
0.6
0.4

P = 0.02

1.2
1.0
0.8
0.6
0.4
0.2

0.2
0.0

P = 0.09

1.6

P = 0.02

TC

NLH
FC

0.0

LH

NLH
Hippocampus

TC

LH

(a)

P = 0.002
P = 0.49
P < 0.001

1.4

P = 0.72

P = 0.002

1.2
mRNA level of ERK2 (fold change)

mRNA level of ERK2 (fold change)

1.2

1.0

0.8

0.6

0.4

0.2

0.0

P = 0.008

1.4

1.0

0.8

0.6

0.4

0.2

TC

NLH
FC

0.0

LH

TC

NLH
Hippocampus

LH

(b)

Figure 4: mRNA levels of ERK1 and ERK2 in frontal cortex (FC) (a) and hippocampus (b) of TC, non-LH, and LH rats. Data are the mean
± SD from 6 animals in each group. Overall group differences in the 3 groups are as follows. ERK1: FC, df = 2, 15, 𝐹 = 5.17, and 𝑃 = 0.02;
hippocampus, df = 2, 15, 𝐹 = 7.92, and 𝑃 = 0.004. ERK2: FC, df = 2, 15, 𝐹 = 16.53, and 𝑃 < 0.001; hippocampus, df = 2, 15, 𝐹 = 10.51, and
𝑃 = 0.001.

human postmortem samples and found that catalytic activities of these kinases reside in the cytosol fraction; in
the membrane fraction, their activities were either not
detectable or marginally detectable. Similar reports have
been shown in previous studies by other investigators [43,
44]. To ensure that similar phenomenon occurs in rat

brain, we characterized their activities in the cytosolic and
membrane fractions and found similar results (data not
shown). Therefore, in subsequent experiments, we determined ERK1 and ERK2 activities in the cytosol fraction.
Because there is a translocation of ERK1 and ERK2 from
cytosol to nucleus upon phosphorylation, we examined the

Neural Plasticity
catalytic activities of ERK1 and ERK2 also in the nuclear fraction.
Figures 5(a) and 5(c) show representative Western blots
depicting ERK1/2 activity (p-Elk1 as a measure of activated
ERK1/2) in cytosolic and nuclear fractions of frontal cortex
and hippocampus obtained from various groups of rats (TC,
non-LH, and LH). The kinase activities of ERK1 and ERK2
were significantly down in cytosolic and nuclear fractions of
LH rats both in frontal cortex (Figure 5(b)) and hippocampus
(Figure 5(d)). ERK1/2 activity was not altered in non-LH rats
compared with TC rats in either cytosol fraction or nuclear
fraction.
3.6. Phosphorylation of ERK1 and ERK2. To confirm whether
the activity of ERK1 and ERK2 was associated with their
altered phosphorylation forms, we measured the levels of pERK1/2 in the same tissue lysates of frontal cortex and hippocampus in which we determined ERK1 and ERK2 catalytic
activities (Figures 6(a) and 6(c)). As with catalytic activity,
phosphorylation of both ERK1 and ERK2 was significantly
lower in LH rats (frontal cortex: Figure 6(b); hippocampus:
Figure 6(d)). This phosphorylation was not altered in nonLH rats compared with TC rats in either brain area.
3.7. Correlation between Protein Expression Levels of ERK1
and ERK2 and Their Catalytic Activities. In the LH group,
the catalytic activity of ERK1/2 was significantly correlated
with protein expression of ERK1 in frontal cortex (cytosol:
𝑟 = 0.71 and 𝑃 = 0.001; nuclear: 𝑟 = 0.85 and 𝑃 < 0.001)
and hippocampus (cytosol: 𝑟 = 0.61 and 𝑃 = 0.007; nuclear:
𝑟 = 0.79 and 𝑃 < 0.001). Similarly, catalytic activity of ERK1/2
was significantly correlated with protein levels of ERK2 in
frontal cortex (cytosol: 𝑟 = 0.82 and 𝑃 < 0.001; nuclear:
𝑟 = 0.70 and 𝑃 = 0.001) and hippocampus (cytosol: 𝑟 = 0.79
and 𝑃 < 0.001; nuclear: 𝑟 = 0.83 and 𝑃 < 0.001) of LH rats.
3.8. ERK1/2-Mediated Phosphorylation of RSK1 and MSK1.
We examined ERK1/2-mediated phosphorylation of RSK1
in both cytosolic and nuclear fractions. ERK1/2-mediated
phosphorylation of MSK1 was determined only in the nuclear
fraction. Immunolabeling of p-RSK1 in the nuclear and
cytosolic fractions of frontal cortex and hippocampus is
shown in Figures 7(a) and 7(b), respectively. The levels of pRSK1 were significantly lower in both cytosolic and nuclear
fractions of frontal cortex and hippocampus obtained from
LH rats (Figure 7(c)). Non-LH group did not show these
changes in either frontal cortex or hippocampus compared
with TC group. The Western blots of p-MSK1 in the nuclear
fraction of frontal cortex and hippocampus are depicted in
Figure 7(d) and are depicted as bar diagram in Figure 7(e).
The level of MSK1 was significantly reduced in frontal cortex
and hippocampus of LH rats without any change in non-LH
rats.
3.9. Catalytic Activities of RSK1 and MSK1. ERK1/2-mediated
catalytic activities of RSK1 and MSK1 were determined in the
tissue lysates of frontal cortex and hippocampus. Both RSK1
and MSK1 catalytic activities were significantly decreased in
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brain areas of LH rats (Figures 8(a) and 8(b)). These activities
were unaltered in non-LH rats compared with TC rats.
3.10. mRNA and Protein Levels of RSK1 and MSK1. mRNA
expressions of RSK1 or MSK1 were determined in the total
fraction of frontal cortex and hippocampus. We did not find
any significant change in the expression of RSK1 or MSK1
in the frontal cortex or hippocampus of any of the groups
studied (Figures 9(a) and 9(b)).
Protein levels of RSK1 were determined in cytosolic and
nuclear fractions and those of MSK1 were determined in
nuclear fraction of frontal cortex and hippocampus of TC,
non-LH, and LH rats. Western blots of RSK1 in cytosolic
and nuclear fractions of frontal cortex and hippocampus are
shown in Figures 10(a) and 10(b), respectively. As with mRNA
expression levels, no significant changes were found in the
expression of RSK1 in cytosolic fraction or nuclear fraction of
frontal cortex (Figure 10(c)) or hippocampus (Figure 10(d))
of LH rats. Similarly, the levels of MSK1 in nuclear fraction
were unaltered in LH rats (Figures 10(e) and 10(f)).
3.11. Correlation between p-RSK1 and p-MSK1 with p-ERK1/2
Levels. The levels of p-RSK1 were significantly correlated
with levels of p-ERK1/2 in frontal cortex (cytosolic: 𝑟 = 0.54
and 𝑃 = 0.02; nuclear: 𝑟 = 0.69 and 𝑃 = 0.002) and
hippocampus (cytosolic: 𝑟 = 0.76 and 𝑃 < 0.001; nuclear:
𝑟 = 0.87 and 𝑃 < 0.002) of LH rats. Similarly, p-MSK1 and pERK1/2 were significantly correlated in the nuclear fraction
of frontal cortex (𝑟 = 0.82; 𝑃 < 0.001) and hippocampus
(𝑟 = 0.77; 𝑃 < 0.001) of LH rats.

4. Discussion
In the present study, we found that there is hypoactivation
of ERK1/2 signaling in the brain of LH rats. This is based on
several observations made in frontal cortex and hippocampus
of LH rats compared with non-LH rats. For example, in LH
rats, (1) catalytic activity of ERK1/2, measured as ERK1/2mediated phosphorylation of Elk1, was significantly reduced;
(2) phosphorylation and therefore the activation of ERK1
and ERK2 was significantly downregulated; (3) mRNA and
protein expression of ERK1 and ERK2, measured independently, were significantly lower; (4) ERK1/2-mediated
phosphorylation of downstream substrates RSK1 and MSK1
was significantly reduced; and (5) ERK1/2-mediated catalytic
activities of both RSK1 and MSK1 were significantly lower.
None of these changes were apparent in non-LH rats. It is
pertinent to mention that our findings of reduced ERK1/2
signaling in the brain of LH rats represent abnormalities associated with prolonged depression as repeated stress paradigm
used in the current study generated behavioral deficits that
persisted for 14 days. In our earlier studies, we had found that
single inescapable shock paradigm was sufficient to develop
LH behavior; however, these behavioral deficits persisted only
for 24 hours and were reversed thereafter [37, 38, 45]. In
the future, it will be interesting to examine whether there is
a differential regulation of ERK1/2 signaling in acute versus
chronic depression as we have earlier reported in case of
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Figure 5: Catalytic activities of ERK1/2 (represented as ERK1/2-mediated phosphorylation of Elk1) in cytosolic and nuclear fractions of FC
(a) and hippocampus (c) obtained from TC (tested controls), non-learned helpless (non-LH), and learned helpless (LH) rats. 𝛽-actin was
used as normalizer. Mean ± SD of Elk1 phosphorylation in cytosolic and nuclear fractions of FC (b) and hippocampus (d) of TC, non-LH,
and LH rats (𝑛 = 6/group). Overall group differences among TC, non-LH, and LH rats are as follows. FC: cytosolic, df = 2, 15, 𝐹 = 33.71, and
𝑃 < 0.001; nuclear, df = 2, 15, 𝐹 = 25.93, and 𝑃 < 0.001. Hippocampus: cytosolic, df = 2, 15, 𝐹 = 16.63, and 𝑃 < 0.001; nuclear, df = 2, 15,
𝐹 = 25.57, and 𝑃 < 0.001.
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Figure 6: Immunolabeling of p-ERK1/2 in FC (a) and hippocampus (c) obtained from tested control (TC), non-learned helpless (nonLH), and learned helpless (LH) rats. 𝛽-actin was used as endogenous control. Mean ± SD of ERK1 and ERK2 phosphorylation in FC and
hippocampus of TC, non-LH, and LH rats (𝑛 = 6/group) is depicted in (b) and (d), respectively. Overall group differences in the 3 groups
are as follows. FC: ERK1, df = 2, 15, 𝐹 = 19.93, and 𝑃 < 0.001; ERK2, df = 2, 15, 𝐹 = 28.04, and 𝑃 < 0.001. Hippocampus: ERK1, df = 2, 15,
𝐹 = 26.12, and 𝑃 < 0.001; ERK2, df = 2, 15, 𝐹 = 48.89, and 𝑃 < 0.001.
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Figure 7: Representative Western blots showing ERK1/2-mediated phosphorylation of RSK1 in cytosolic and nuclear fractions of frontal
cortex (FC) (a) and hippocampus (b) and MSK1 in nuclear fraction of FC and hippocampus (d) obtained from tested control (TC), nonlearned helpless (non-LH), and learned helpless (LH) rats. 𝛽-actin was used as endogenous control. Differences in phosphorylation of RSK1
and MSK1 in FC and hippocampus between TC, non-LH, and LH rats are shown in (c) and (e), respectively. Data are the mean ± SD from
6 rats in each group. Overall group differences for RSK1 among TC, non-LH, and LH rats are as follows. FC: cytosolic, df = 2, 15, 𝐹 = 9.62,
and 𝑃 = 0.002; nuclear, df = 2, 15, 𝐹 = 14.42, and 𝑃 < 0.001. Hippocampus: cytosolic, df = 2, 15, 𝐹 = 60.13, and 𝑃 < 0.001; nuclear,
df = 2, 15, 𝐹 = 20.86, and 𝑃 < 0.001. Overall group differences for MSK1 in nuclear fraction among TC, non-LH, and LH rats are as follows.
FC: df = 2, 15, 𝐹 = 17.73, and 𝑃 < 0.001; hippocampus: df = 2, 15, 𝐹 = 21.70, and 𝑃 < 0.001.
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Figure 8: Catalytic activates of RSK1 and MSK1 in frontal cortex (FC) (a) and hippocampus (b) of tested control (TC), non-learned helpless
(non-LH), and learned helpless (LH) rats. Overall group differences are as follows. RSK1: FC, df = 2, 15, 𝐹 = 17.21, and 𝑃 < 0.001;
hippocampus, df = 2, 15, 𝐹 = 24.38, and 𝑃 < 0.001. MSK1: FC, df = 2, 15, 𝐹 = 10.21, and 𝑃 < 0.002; hippocampus, df = 2, 15, 𝐹 = 15.75,
and 𝑃 = 0.12.

serotonergic receptors and associated signaling in LH rats
[37, 38, 45], which may reflect adaptive versus maladaptive
response.
Translocation of activated ERK1/2 is a crucial phenomenon in targeting substrates within the nucleus. Under
resting conditions, ERK1 and ERK2 are primarily localized

in cytosol [46]; however, once these kinases are phosphorylated by upstream MEK1 and MEK2, both ERK1 and
ERK2 translocate to the nucleus [15]. Initially, we examined
levels of activated (phosphorylated form) ERK1/2 in total
tissue lysates and found that their activities were significantly
reduced in LH rats without any change in non-LH rats.
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Figure 9: mRNA levels of RSK1 and MSK2 in frontal cortex (FC) (a) and hippocampus (b) of tested controls (TC), non-learned helpless
(non-LH), and learned helpless (LH) rats. Data are the mean ± SD from 6 rats in each group. Overall group differences in the 3 groups are as
follows. FC: df = 2, 15, 𝐹 = 1.00, and 𝑃 = 0.39; hippocampus: df = 2, 15, 𝐹 = 0.33, and 𝑃 = 0.72.

To further examine whether reduced phosphorylation of
ERK1 and ERK2 was associated with alterations in their catalytic activities, we determined ERK1/2-mediated phosphorylation of Elk1 in cytosolic and nuclear fractions of frontal
cortex and hippocampus. Interestingly, we found that the
levels of p-Elk1 were lower in both these fractions, suggesting
that the decrease in ERK1/2 activity is a generalized effect

and may not be associated with translocation. This could be
attributed to reduced expression of ERK1 and ERK2 as we
have found in the brain of LH rats. ERK1 and ERK2 show a
very close homology in amino acid sequences such that about
84% of amino acid residues are identical between these two
kinases [43]. Also, the activation kinetics and substrate specificity for these two kinases are quite similar [47]. However,

Neural Plasticity

13
FC

Cytosolic

Hippocampus

Cytosolic

(kDa)

Nuclear

(kDa)

Nuclear

RSK1

90

RSK1

90

𝛽-actin

46

𝛽-actin

46

TC

NLH

LH

TC

NLH

TC

LH

LH

NLH

(a)

120

100

80

80

60

60

40

40

20

20

0

TC

0

NLH LH
Cytosolic

120

TC

FC

80

60

40

20

TC

(kDa)

Hippocampus

90

𝛽-actin

46
LH
(e)

TC

NLH

LH

Immunolabeling of MSK1 (% of control)

Nuclear

MSK1

NLH

100

80

60

40

20

0

NLH LH
Cytosolic

TC

NLH LH
Nuclear

(d)

120

TC

LH

Hippocampus

(c)

FC

NLH

P = 0.69
P = 0.83
P = 0.96

120

100

0

NLH LH
Nuclear

P = 0.98
P = 0.91

P = 0.91
P = 0.94
P = 0.74

120

100

Immunolabeling of MSK1 (% of control)

100

P = 0.97

P = 0.95
P = 0.62
P = 0.44

Immunolabeling of RSK1 (% of control)

P = 0.52
P = 0.79
P = 0.22

Immunolabeling of RSK1 (% of control)

120

TC

(b)

80

60

40

20

0

100

80

60

40

20

0

TC NLH LH
FC

P = 0.85
P = 0.86
P = 0.54

TC NLH LH
Hippocampus

(f)

Figure 10: Representative immunoblots of total RSK1 in cytosolic and nuclear fractions of frontal cortex (FC) (a) and hippocampus (b)
and MSK1 in nuclear fractions of FC and hippocampus (d) obtained from tested control (TC), non-learned helpless (non-LH), and learned
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several studies point to subtle differences between these two
kinases. For example, ERK1 knock-out mice are viable, but
these mice show increased synaptic plasticity in the striatum
brain area [48]. In contrast, ERK2 knock-out mice do not
survive, suggesting that ERK2 deficiency is not compensated
with ERK1 [49]. Also, at the cellular level, these two kinases
regulate cell cycle in a different manner. Whereas ERK1 acts
at G2 /M level, ERK2 regulates G1 phase of the cell cycle [50].
In addition, in situ hybridization studies suggest that whereas
ERK2 mRNA is expressed throughout the brain, ERK1 mRNA
is confined to cortex, olfactory bulb, regions of hippocampus,
amygdala, hypothalamus, and cerebellum. ERK1 mRNA is
almost absent in the CA-1 area, whereas ERK2 is present in
all neurons of the hippocampus [51, 52]. These studies suggest
possible brain region-specific functions mediated by these
two ERKs. In light of these observations, we examined the
expression of both ERK1 and ERK2 in frontal cortex and
hippocampus. We found that mRNA and protein levels of
these two kinases were decreased in LH rats and that the
degree of change was almost the same in these two brain
areas. We also found significant correlations between ERK1
and ERK2 protein and mRNA levels with catalytic activity
of ERK1/2. This indicates that lower activation of ERK1 and
ERK2 could possibly be associated with less expression of
these two isoforms of ERK.
A wide range of functions of ERK1 and ERK2 is mediated through phosphorylation of substrates. Among them,
phosphorylation and activation of MAP kinase-activated
kinases represent a crucial amplification step in the ERK1/2
cascade. Of these, RSKs and MSKs are directly regulated
by ERK1/2. Four different isoforms of RSKs have been
identified (RSKs 1–4) with close homology among themselves
(∼80%). As with ERK1 and ERK2, under resting conditions,
RSKs reside in cytoplasm and translocate to the nucleus
upon phosphorylation [53]. RSKs are highly expressed in
the brain [54, 55] and participate in the regulation of cell
cycle and in the proliferation and survival of neurons. The
most important substrates of RSKs are serum response factor
[56], CREB [57–59], and chromatin-associated histone H3
[60]. RSKs also interact with Ets transcription factors [61],
which are required for activation of TIF-1A, a transcription
initiation factor involved in the transcription of RNA polymerase I and synthesis of rRNAs. Activation of ERK1 and
ERK2 promotes interaction between RSK and CBP, which
along with p300 form nucleosome structure and participate
in transcriptional activation [62]. RSKs also participate in
the survival of neurons by phosphorylating and therefore
deactivating a proapoptotic protein Bad [61]. In addition,
death associated protein kinase, another apoptotic regulatory
protein, is phosphorylated and deactivated upon activation
of RSKs [63]. The other crucial substrates of ERK1/2 are
MSKs. MSKs exist in two isoforms, MSK1 and MSK2, with
∼75% amino acid homology [64]. Both MSK isoforms are
highly expressed in the brain; however, at cellular level, unlike
RSKs, MSKs are present in the nucleus. Upon activation,
MSKs regulate gene transcription by phosphorylating transcription factors ATF-1 and CREB and increase the transcript
stability by phosphorylating nuclear proteins [64–67]. In
addition, MSKs phosphorylate proapoptotic Bad [68], Akt

Neural Plasticity
[69], and translational machinery component 4EBP1 [70].
To examine if reduced expression and activation of ERK1
and ERK2 lead to altered activation of RSKs and MSKs, we
determined ERK1/2-mediated catalytic activities of RSK1 and
MSK1 as well as ERK1/2-mediated phosphorylation of RSK1
and MSK1. We found that, in LH rats, catalytic activities of
both RSK1 and MSK1 were reduced in frontal cortex and
hippocampus. ERK1/2-mediated phosphorylation of RSK1
and MSK1 was also reduced in these brain areas of LH rats.
None of these changes were apparent in non-LH rats. We
examined the expression of RSK1 and MSK1 but did not find
any significant change in their mRNA or protein levels. These
results suggest that it is not the expression but the reduced
activation of upstream ERK1 and ERK2 which contributes
to the decreased phosphorylation and therefore activation of
RSK1 and MSK1 in LH rats.
In our earlier postmortem brain studies, we have shown
that expression and activation of ERK1 and ERK2 are reduced
in various cortical and hippocampal brain areas of depressed
patients but not in cerebellum [29]. We have also found
that upstream kinases MEK1 and MEK2 were less active
in these brain areas [30]. The present study confirms our
human postmortem brain findings that indeed reduced
ERK1/2 signaling is associated with depression. Similar to
our human brain study, our preliminary study in LH, NLH,
and TC rats demonstrates that ERK1/2 activation was affected
in cerebellum (data not shown), suggesting brain regionspecific changes in ERK1/2 in LH rats. Interestingly, several
studies demonstrate that inhibition of ERK1/2 signaling
causes impaired learning behavior in mice which is improved
with increased ERK activity [71–73]. This appears to be
relevant to the development of LH phenotype as these
rats show learning deficit which could be associated with
reduced ERK1/2 activation. On the other hand, ERK1/2
signaling remained unaltered in non-LH rats even though
these rats were given the same stress paradigm as LH
rats. This again shows that the development of resiliency
towards depression could be dependent upon the status of
ERK activation. In the future, it will be interesting to test
whether overexpression of ERK1 or ERK2 in frontal cortex
or hippocampus of LH rats can lead to non-LH behavior and
whether reduced ERK1/2 activation in these brain areas of
non-LH rats can induce LH phenotype. An earlier study has
shown that systemic injection of MEK inhibitor resulted in
reduced ERK phosphorylation and subsequent depressivelike behavior in rats [35]. This inhibition also blocked the
effects of antidepressants in various behavioral tests [35]. This
suggests that not only can ERK1/2 inhibition cause depression
but reduced ERK1/2 can also block the effectiveness of
antidepressants. This is further supported by observations
that electroconvulsive shock induces activation and tyrosine
phosphorylation of ERK1/2 in the rat hippocampus [74] and
that fluoxetine reverses depressive-like behavior in rats by
increasing ERK/CREB signaling [75].
The reason behind reduced expression and activation of
ERK1 and ERK2 in LH rats is presently unclear; however,
the possibility of the role of upstream regulators in altering
ERK1/2 signaling cannot be ruled out. As is well known,
ERK1 and ERK2 are activated by several G protein coupled
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receptors, receptors for tyrosine and nontyrosine kinases,
and various effector molecules such as protein kinase A and
protein kinase C either directly or via upstream kinases such
as MAPK kinase kinases or Raf [11–13, 76]. Interestingly,
neurotransmitter receptors such as 5HT1A and 5HT2A and 𝛼2
and 𝛽2 adrenergic receptors have been shown to be altered
in the brain of depressed patients as well as in LH rats [38,
77, 78]. In addition, we have reported less activation of PKC
and PKA not only in the brain of depressed patients [79, 80]
but also in the frontal cortex and hippocampus of LH rats
[37].
The consequence of reduced ERK1/2 signaling at functional levels in the brain of LH rats remains to be explored;
however, as mentioned above, by phosphorylating several
substrates either directly or indirectly, ERK1/2 can regulate
transcription factors, stimulus-induced expression of immediately early genes, histone modifications, and translational
machinery [81–83], which can lead to altered synaptic plasticity and physiological responses. In addition, since ERK1/2
is the major signaling pathway for BDNF-mediated response
[84, 85] in promoting neuronal survival, proliferation, and
differentiation [57], any abnormality in this signaling may
also cause altered structural plasticity. It is pertinent to
mention that neuronal atrophy of the prefrontal cortex and
hippocampus has been reported in depressed patients [86–
89], which could be associated with reduced BDNF levels
and its mediated ERK1/2 activation [90]. Interestingly, it has
been shown that lower ERK activity and reduced gray matter
volume in depressed patients are related to depression associated risk allele Ser704Cyst [91] and that haplotypes and genegene interaction in the Ras/Raf/MAPK/RSK signaling pathway are involved in antidepressant remission in depressed
population [92]. ERK1/2 pathway has been shown to exert
its effects, in part, by regulating the synthesis of miRNA via
increasing the stability of proteins belonging to the Argonaute
complex, including dicer and the human immunodeficiency
virus transactivation response RNA-binding protein (TRBP),
which participate in the silencing of gene expression [93]. We
recently reported that there is an adaptive miRNA response to
inescapable shocks in non-LH rats, which was blunted in LH
rats [39]. It will be interesting to examine whether differential
activation of ERK1/2 has any impact on miRNAs response
in LH or non-LH rats and in the development of these
phenotypes.
In conclusion, we found differential responsiveness of
ERK1/2 signaling in the brain of LH and non-LH rats.
Whereas LH rats showed diminished activation and expression of ERK1 and ERK2 in frontal cortex and hippocampus,
there was a muted response in non-LH rats. This was also
evident at functional level where ERK1/2-mediated activation
of RSK and MSK was lower in LH rats, without any change in
non-LH rats. Our present and previous human postmortem
brain studies [29–31] not only suggest that alterations in
ERK1/2 may be important in the pathophysiology of depression but also raise the interesting possibility that ERK1/2
may be involved in generating vulnerability to depression
phenotype. Follow-up studies will be needed to further
investigate whether manipulation of ERK1/2 in these brain
areas can induce or reverse LH phenotype.
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The self-help industry generates billions of dollars yearly in North America. Despite the popularity of this movement, there has been
surprisingly little research assessing the characteristics of self-help books consumers, and whether this consumption is associated
with physiological and/or psychological markers of stress. The goal of this pilot study was to perform the first psychoneuroendocrine
analysis of consumers of self-help books in comparison to nonconsumers. We tested diurnal and reactive salivary cortisol levels,
personality, and depressive symptoms in 32 consumers and nonconsumers of self-help books. In an explorative secondary analysis,
we also split consumers of self-help books as a function of their preference for problem-focused versus growth-oriented selfhelp books. The results showed that while consumers of growth-oriented self-help books presented increased cortisol reactivity
to a psychosocial stressor compared to other groups, consumers of problem-focused self-help books presented higher depressive
symptomatology. The results of this pilot study show that consumers with preference for either problem-focused or growth-oriented
self-help books present different physiological and psychological markers of stress when compared to nonconsumers of self-help
books. This preliminary study underlines the need for additional research on this issue in order to determine the impact the self-help
book industry may have on consumers’ stress.

1. Introduction
The World Health Organization predicts that by the year
2020, depression will be the first cause of invalidity in
the world followed by cardiovascular disease [1]. Although
various psychological and pharmacological treatments exist
for the treatment of depression (for a review, see [2]), difficult
access to psychotherapy due to monetary or transportation
issues and/or low acceptance of antidepressant treatments
has led to the development of other forms of treatments
[3]. In recent years, there has been a rise in the use of
self-help treatments that provide users with information on
how to self-identify their problems and propose methods to
overcome them [3].

Self-help exists in a variety of mediums. The most frequent form of delivery includes books (bibliotherapy) and use
of the internet (internet-based therapy; for a review, see [3,
4]). Moreover, self-help treatment can be guided or unguided.
Guided self-help treatment implies that some form of support
from a therapist is delivered to the patient, either through selfhelp booklets developed by health professionals or scientists,
or via support provided directly by a therapist in addition to
utilization of the self-help material [5]. In contrast, unguided
self-help represents the use of “self-help books” available
in bookstores with no additional support from a health
professional [4, 6]. Unguided self-help books represent books
written by recognized or unrecognized specialists in the field
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that provides guidance on how to live a better life, be happy,
and so forth [4, 7].
Two dimensions of self-help are generally proposed in
unguided self-help books [4, 6], that is, problem-focused or
growth-oriented [4]. Problem-focused self-help books represent books that extensively discuss the nature of problems one
can encounter and how to recognize and circumvent them [4]
(this category of self-help books has also been named “victimization books” [6]). In contrast, growth-oriented books
present inspirational messages about life and happiness and
propose various methods of coping and development of new
skills [4] (this category of self-help books has also been
named “empowerment books” [6]).
Meta-analyses have shown that guided self-help interventions for depression are more effective than absence
of treatment, and guided self-help interventions present
similar efficacy to psychotherapies and/or antidepressants
[2, 8, 9]. Moreover, guided self-help interventions are now
recommended by the National Institute for Health and
Clinical Excellence [10]. Although guided self-help interventions presented in books or via the internet have been
extensively studied [2, 11, 12], unguided self-help books
have received very little attention. Some studies suggest that
reading problem-focused self-help books can have positive
effects in the treatment of some problematics such as marital
conflict [13] and general emotional disorders [14], and others
suggest that unguided self-help books could be used to
prevent the incidence of depression in high risk groups [15].
However, at this point, there is a lot of cynicism about the
potentially positive effects of unguided self-help books, with
some authors claiming that self-help books are fraudulent
[16], and others suggesting that buying self-help books may
be part of a “false hope syndrome” [17]. For many authors,
the major limitation of unguided self-help books is their
“one-size fits all” approach in which advice is given without
taking into account the personality and/or diagnosis and/or
personal circumstances of the reader [16–18].
This later point brings attention to the lack of information
that exists on the type of readership of unguided selfhelp books. The few studies that were performed to date
showed that consumers of self-help books come from all
levels of educational backgrounds, socioeconomic status,
and positions, although women tend to consume more selfhelp books than men [13]. Notwithstanding, the literature
is inconsistent in describing whether consumers of self-help
books differ from nonconsumers in terms of personality [19].
One study showed that consumers of self-help books present
higher neuroticism than nonconsumers [20], a second study
did not find such a difference [4, 21], and a third reported that
reading self-help books is associated with an increase in selfactualization [13].
Although these data are interesting, they do not inform us
about the characteristics of self-help book readership. Indeed,
studies assessing why certain people are attracted to selfhelp books propose that many adults are active consumers of
self-help books as a way of self-diagnosing and/or “treating”
their own psychological distress, and that this would mainly
result from the stigma surrounding depression in adults [22,
23]. In this sense, the active proliferation of the self-help
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book industry would mainly reflect the underlying depressive
symptomatology of individuals, and this industry would
be highly successful because individuals need some sort
of autotreatment to alleviate their depressive mood and/or
disorder. If this is the case, one could predict that active
consumers of self-help books might present increased stress
physiology and increased depressive symptomatology when
compared to nonconsumers of self-help books. The goal of
this study was to test this hypothesis.
Impairment in the regulation of the hypothalamicpituitary-adrenal (HPA) system has been reported in acute
and/or chronic episodes of depression [24, 25]. The impaired
negative feedback of the HPA system ultimately leads to
hypersecretion of CRF, shifting the activity of the HPA
axis to greater production of glucocorticoids (cortisol in
humans; for a review, see [26]). In this first pilot study, we
assessed whether consumers of unguided self-help books
present differences in diurnal levels of cortisol, stress reactive
cortisol levels, depressive symptoms, and personality traits
in comparison to nonconsumers. Personality and depressive symptomatology are important factors to measure in
consumers of self-help books as they could potentially be
important predictors of increased stress reactivity and/or
depressive symptomatology. In line with the goals of pilot
studies (for a review on pilot studies, see [27]), we performed
this first small scale preliminary study in order to evaluate
the feasibility of studying self-help book consumers and
potential adverse events related to these types of studies.
Most importantly, to guide future research, we aimed to
generate effect sizes for our dependent variables (cortisol
levels, depressive symptomatology, and personality factors) in
order to determine the appropriate sample size needed for a
larger experimental study on this issue that has received no
empirical evidence.

2. Materials and Methods
2.1. Recruitment and Group Classification. The definition of
“self-help books” that we used in this research project is
the definition given by the neuropsychologist Paul Pearsall
who defines self-help books as “Books that give advice on
how to change your life, attain happiness, find true love,
lose weight, and more” [7]. We defined “consumers of selfhelp books” as individuals who have bought or browsed a
minimum of four self-help books in the previous year. We
felt that including only individuals who have bought (and not
“browsed”) four self-help books might bias the sample toward
people from higher socioeconomic status, which could then
have a significant impact on the results. Questions about
the number and types of books bought and/or browsed
by the participants were asked during a recruitment phone
interview. Participants defined as “consumers of self-help
books” were asked to provide the names of these books
during the phone interview in order to ascertain whether they
fell into our category of consumers of self-help books.
Online recruitment was performed using advertisements
posted on general or university websites. Since the purpose of
the study was to compare two different populations (self-help
books’ consumers and nonconsumers), two different types of
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advertisement were used. Nonconsumers were recruited via
an advertisement featuring a study on personality traits and
stress, without any mention on self-help books consumption.
This procedure was used to ensure that the nonconsumer
group was not composed of people “against” this type of
literature but only “not attracted” to it. These potential
nonconsumer participants were then screened on the phone
and additional questions were asked to validate that they had
never read or browsed that kind of self-help literature and that
they were not attracted to it. Only those individuals who did
not read self-help books and were not attracted to them were
retained in the nonconsumer group.
Self-help book consumers were recruited via an advertisement stating that we were looking for adults who were
active consumers of self-help books for a study on personality
and stress. During their visit to the lab, participants from
that group were evaluated on their preference for problemfocused versus growth-oriented self-help books using a classification task that we developed. In this task, we presented
the consumer group with 10 books and, after giving them 10
minutes to browse the various books, we asked them to sort
out the five books that they would buy given the opportunity.
Five of the ten books proposed a growth-oriented approach
(e.g., “The Power of Positive Thinking”), while five of them
proposed a problem-focused approach (e.g., “How Can I
Forgive You?: The Courage to Forgive, the Freedom Not To”).
The 5 books in each category are presented as follows.
Books Used to Assess Preference for Growth-Oriented (Books #1
to #5) versus Problem-Focused (Books #6 to Book #10) Self-Help
Books. Growth-Oriented Self-Help Books are the following:
(1) “The Power of Positive Thinking” by Norman Vincent
Peale, 1952.
(2) “How to Stop Worrying and Start Living” by Dale
Carnegie, 1990.
(3) “You’re Stronger than You Think” by Peter Ubel, 2006.
(4) “You Can Be Happy No Matter What” by Richard
Carlson, 2006.
(5) “Choices That Change Lives: 15 Ways to Find More
Purpose, Meaning, and Joy” by Hal Urban, 2006.
Problem-Focused Self-Help Books are as follows:
(6) “Why Is It Always About You?: Saving Yourself from the
Narcissists in Your Life” by Sandy Hotchkiss, 2003.
(7) “I’m Ok, You’re My Parents” by Dale Atkins, 2004.
(8) “Shame and Guilt” by Jane Middelton-Moz, 1990.
(9) “Self Nurture: Learning to Care for Yourself As Effectively As You Care for Everyone Else” by Alice D.
Domar and Henry Dreher, 2001.
(10) “How Can I Forgive You?: The Courage to Forgive, the
Freedom Not To” by Janis A. Spring, 2005.
A ratio of growth-oriented/problem-focused preference was
calculated by adding the number of books from each pole that
fell within the category of “books to buy” by the participants.
For example, if a participant stated that they would buy three
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growth-oriented books and two problem-focused books, this
participant received a ratio of 3/2 = 1.5. With this ratio,
the larger the number, the greater the attraction to growthoriented books and vice versa for problem-focused books.
Participants displaying a ratio of 4 and above were classified in
the growth-oriented group as scores lower than 4 were closer
to chance level for preference assessment. When presented
with books, participants were not aware that the goal of this
task was to determine their attractiveness to growth-oriented
versus problem-focused books. The reason for this is that it
can be predicted that most people would choose not to select
problem-focused books if told about the two poles (growthoriented versus problem-focused), given the negative social
value that may be attached to problem-focused self-help
books.
2.2. Participants. Participants from both groups were
screened over the phone prior to recruitment in order
to make sure that they fulfilled our inclusion criteria.
Exclusionary criteria included presence or history of
neurological or psychiatric conditions, diabetes, respiratory
disease, asthma, infectious illness, thyroid or adrenal
dysfunctions, obesity (body massive index > 30), any
glucocorticoid or cardiovascular altering medications (e.g.,
antidepressants, diuretics, antiasthmatics, and b-blockers),
and excessive use of drugs or alcohol. Smoking was an
exclusion criterion due to its known effect on HPA axis
regulation [19].
Thirty-two healthy men and women aged between 18
and 65 (𝑀 = 36.03 ± 16.09) participated in this study.
Eighteen self-help consumers (75% female) and 14 nonconsumers (75% female) were recruited. The average age of the
consumers was 38.33 years old (±3.5) and 33.07 years old
(±4.72) for the nonconsumers. Within the group of self-help
books consumers, 11 individuals were classified as having
a preference for problem-focused books (hereon referred
to as the “problem-focused group”) and 7 were classified
as having a preference for growth-oriented books (hereon
referred to as the “growth-oriented group”). Three women
were menopausal (one in each condition) and all others were
tested in the follicular phase of their menstrual cycle. Women
on hormonal therapy were not included in this study. All
participants provided written informed consent and were
compensated for their participation in the study.
This study was approved by the Research Ethics Board of
the Mental Health University Institute respecting the Canadian Tri-Council’s Policy statement for the ethical conduct for
experimentation using humans, guided by the World Medical
Association’s Declaration of Helsinki.
2.3. Questionnaires
2.3.1. Personality Traits. We measured personality traits in
order to determine whether preference for problem-focused
or growth-oriented books would be associated with personality traits that could predict cortisol levels. Personality
traits were measured using the NEO Five Factor Inventory
(NEO-FFI). This 60-item personality inventory was developed as a short form of the NEO-PI [28]. The subscales
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include “neuroticism,” “extraversion,” “openness to new
experiences,” “agreeableness,” and “conscientiousness”. Participants are asked to respond on a Likert-scale with the
extent to which they agree with each item (“strongly agree”
to “strongly disagree”). The mean coefficient alpha for the
revised inventory scale was 0.77.
2.3.2. Locus of Control. Since low sense of control is linked
to the cortisol stress response [29], locus of control was
measured in order to explain any potential physiological
stress response differences between groups. We administered
the Belief in Competence and Control Questionnaire (BCC).
Using a six-point Likert scale (“not at all true” to “very
true”), the BCC yields four scales including “self-concept of
own competence,” “control expectancy: internality,” “control
expectancy: externality,” and “control expectancy: chance
control” [30]. The mean alpha for this questionnaire is 0.82
for young students and 0.83 for the elderly.
2.3.3. Self-Esteem. Self-esteem was measured using the 10item Rosenberg Self-Esteem Scale (RES [31]), which is a
unidimensional scale that measures personal worth, selfconfidence, self-respect, and self-depreciation. Participants
are asked to respond on a four-point scale with the degree to
which they agree with each item (“strongly agree” to “strongly
disagree”). The scale shows good reliability (𝛼 = 0.80) and is
a valid test of global self-worth.
2.3.4. Depressive Symptomatology. Self-reported depressive
symptoms were assessed using the 21-item Beck Depression
Inventory II (BDI II [32]), which is a unidimensional scale
that assesses diverse psychological and physiological symptoms related to depression on a four-point scale. The BDI’s
total score ranges from 0 to 63, displaying a continuum of
depression related symptoms. The scale has been found to
show good reliability (0.92). Total sum scores were used in
the present analysis.
2.4. Diurnal Cortisol Secretion. All participants were provided with a saliva kit to bring home. They were asked to
provide samples on two different days, separated by 3 days,
with the first day of sampling starting 3 days after their visit to
our laboratory. Saliva was collected using passive drool at the
time of awakening and 30 minutes after awakening in order to
calculate the “Cortisol Awakening Response” (CAR [33]). It
has been reported that during the first hour after awakening,
cortisol levels show an acute increase [33]. Cortisol determination during this time of day appears to represent a response
of the HPA axis to an endogenous stimulation and is a reliable
indicator of diurnal HPA activity [34]. Participants were also
asked to provide three additional samples at 14:00 and 16:00
and before bedtime. These sampling times have been shown
in previous studies to be reliable markers of the diurnal
cycle of cortisol secretion [35, 36]. As the nonadherence to
saliva sampling in ambulatory settings has been shown to
exert a significant impact on the resulting cortisol profile
[37], a “daily sampling questionnaire” was also completed.
Individuals were asked to record the exact time of each saliva
sample to assess participants’ compliance.
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2.5. Stress Reactivity. Participants were exposed to the Trier
Social Stress Test (TSST [38]). The TSST is an established and
highly effective psychosocial stress paradigm used to provoke
activation of the HPA axis. The version of the TSST that
we used in the current study was somewhat different from
the original version as we used a “Panel-out” (judges behind
a false mirror) instead of a “Panel-in” (judges in the same
room as the participants) condition. The reason why we made
the decision to use the Panel-out condition in the current
study is that the research assistants who acted as judges in
our experiment were younger than the participants. We have
shown in previous studies that environmental factors such
as age of research assistants can lead to a spurious stress
response in some individuals [39, 40], and, consequently,
we wanted to limit contact between our participants and
the judges. The Panel-out version of the TSST was used
in many of our studies. While one study reported no significant differences between the Panel-in and the Panel-out
conditions in men [41], another study has reported higher
cortisol reactivity in the Panel-in compared to the Panel-out
condition in women [42]. Recently, our laboratory found no
significant differences in terms of cortisol reactivity between
the Panel-in and Panel-out condition when comparing 140
men, women in the luteal phase of their menstrual cycle, and
women taking oral contraceptives. Therefore both conditions
induce a stress response (article in preparation).
In summary, the TSST involves an anticipation phase (10
minutes) and a test phase that comprises 10 minutes of public
speaking. The test phase is divided into a mock job interview
(5 minutes) followed by mental arithmetic (5 minutes).
Throughout their performance, participants face a one-way
mirror and a camera. Behind this mirror, two confederates
act as judges and pretend to be experts in behavioral analysis
while observing the participants and communicating with
them via an intercommunication system. Participants underwent the TSST in the afternoon between 13:30 and 16:30. A
total of eight saliva samples for cortisol determination were
obtained at −20 min and −10 min (baseline), immediately
before the TSST as well as +10, +20, +30, +40, and +50 min
after the TSST began.
2.6. Procedure. During recruitment, potential participants
were told on the phone that the study consisted of one
testing day, lasting two hours, and two days of saliva sampling
at home were required following the testing session. All
participants were tested at the Douglas Institute Research
Center.
For the laboratory visit, participants were tested in the
afternoon in order to obtain adequate cortisol reactivity to the
psychosocial stressor and to control for possible differential
effects of the circadian cortisol patterns. Upon arrival at
the laboratory, participants were asked to read and sign an
informed consent form. Thereafter, they were asked to answer
the psychological questionnaires, which took approximately
15 minutes. Participants provided saliva samples by filling
a small plastic vial with 1 mL of pure saliva (i.e., passive
drool). Participants were instructed about the TSST and
prepared their mock job interview speech during a 10-minute
anticipation phase. Participants then had to do the verbal (5
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minutes) and mental arithmetic (5 minutes) tasks. After the
recovery period, they were debriefed with regard to the goal
of the public speaking task. Participants were debriefed about
the general hypothesis of the study when they brought the
home saliva kit back to the lab.
2.7. Salivary Cortisol Assays. Salivary samples were maintained at –20∘ C until time of cortisol concentration determination. Salivary cortisol concentrations were determined in
Dr. Dominique Walker’s laboratory at the Douglas Institute
Research Center by radioimmunoassay using a kit from DSL
(Diagnostic System Laboratories, Inc., Texas, USA). Total
binding and nonspecific binding typically range between 47–
63% and 0.5–1.5%, respectively. The intra-assay and interassay
coefficient of variation for these studies are 4.6% and 5%,
respectively. The limit of detection of the assay is 0.01 dl, and
all samples were assayed in duplicates.
2.8. Statistical Analysis. All the analyses were done in two
separate sets. The first set of analyses was done with Group
(2 levels: consumer versus nonconsumer) as the independent
variable to test whether as a group, consumers of self-help
books present different psychoneuroendocrine profiles when
compared to nonconsumers of self-help books. In the second
set of analyses, consumers of self-help books were split as a
function of their preference for growth-oriented or problemfocused books and compared with the nonconsumer group,
using Group (3 levels: growth-oriented, problem-focused,
and nonconsumer) as the independent variable.
For each analysis, personality traits (as measured by the
five NEO subscales “neuroticism,” “extroversion,” “openness,” “agreeableness,” and “conscientiousness”), locus of
control, self-esteem, and depressive symptoms were included
in univariate ANOVAs. For cortisol, both diurnal and reactive
cortisol values followed a normal distribution and, for this
reason, raw data of cortisol were used for all analyses. For each
salivary cortisol analysis, sex and body mass index (BMI)
were entered as covariates as these are factors associated
with cortisol production [43]. Greenhouse-Geisser values
were used when the assumption of sphericity was violated.
Diurnal cortisol secretion was calculated using the mean
concentration of cortisol for each sample on both days of
saliva sampling, resulting in five cortisol means. In order to
determine whether self-help book use was related to diurnal
cortisol secretion, we calculated the CAR as well as using
the trapezoidal method to calculate area under the curve
with respect to ground (AUCg; basal cortisol). In order to
determine whether self-help book use was related to reactive
cortisol secretion, we calculated the area under the curve
relative to increase (AUCi; reactive cortisol) [44]. These
analyses were made in order to determine whether there were
significant group differences in terms of basal and reactive
cortisol levels between groups. To ascertain the participant’s
compliance regarding the diurnal saliva sampling, time when
saliva samples were taken was computed into a mean in each
group and ANOVAs were used to calculate whether there
were significant group differences.
Finally, we calculated the effects size for the
comparison between consumers versus nonconsumers and
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the comparison between preference for growth-oriented
or problem-focused books in order to determine (1) the
statistical power of the significant differences observed and
(2) the appropriate sample size for a larger full scale study.

3. Results
3.1. Assessment of Feasibility and Adverse Events from This
Pilot Study. In terms of feasibility, we found it quite easy
to recruit consumers of self-help books as no differences
were observed in terms of time and cost of recruitment
of this population compared to other populations we have
tested in the past. Recruitment of nonconsumers was more
time consuming because we had to validate a posteriori
the nonconsumption of self-help books in the individuals
calling us to participate in the research but, overall, the
burden was not high on recruitment. No adverse events
were reported during recruitment and testing, although the
research assistants working on this project reported that
the testing of consumers of self-help books took generally
longer than testing of nonconsumers because consumers
were generally more verbal and interacted more with the
assistants during testing.
3.2. Preliminary Analyses. Figure 1 shows that participants
displayed a normal diurnal cortisol rhythm as well as an
increase in cortisol in response to the TSST. Preliminary
analysis also revealed that groups did not differ in terms of
time of saliva sampling (all 𝑃 values > 0.763) and that groups
did not differ in terms of age, BMI, years of education, or
sex of the participants (all 𝑃 values > 0.165). Also, no group
differences were observed for personality traits (all 𝑃 values >
0.112), locus of control (all 𝑃 values > 0.162), and self-esteem
(all 𝑃 values > 0.295) when we contrasted the consumers to
the nonconsumers, and when we split the consumers into
those individuals with a preference for growth-oriented or
problem-focused books.
3.3. Consumers versus Nonconsumers of Self-Help Books.
We first contrasted consumers and nonconsumers on
basal/reactive cortisol levels and depressive symptomatology.
We found no differences between consumers and nonconsumers on diurnal cortisol levels AUCg (𝐹(1, 30) = 0.080, 𝑃 =
0.780; see Figure 2(a)), CAR (𝐹(1, 30) = 0,31, 𝑃 = 0.862; see
Figure 2(b)), and reactive cortisol AUCi (𝐹(1, 30) = 2.172,
𝑃 = 0.151; see Figure 2(c)). For depressive symptomatology,
the analysis showed a significant between-group effect
(𝐹(1, 31) = 6,186, 𝑃 = 0.019), with the consumer group
displaying a higher depressive mean score (7,28 ± 1,01
versus 4,14 ± 0,57) when compared to nonconsumers (see
Figure 2(d)).
3.4. Preference for Growth-Oriented or Problem-Focused
Books. In a second set of analyses splitting the consumer
group into those individuals with a preference for growthoriented or problem-focused books, we found no group
differences in AUCg diurnal cortisol levels (𝐹(2, 29) = 0.789,
𝑃 = 0.464; see Figure 3(a)) or CAR (𝐹(2, 29) = 0.015,
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Figure 1: Repeated-measures of (a) diurnal cortisol and (b) reactive cortisol as a functioning of groups based on preference for problemfocused or growth-oriented self-help books. These graphs are used strictly to represent the mean (standard error bars) cortisol concentrations
and to show the magnitude of the cortisol response to the TSST in each of the groups tested. As such, they have no relation to the statistical
model employed that otherwise used the composite measure of area under the curve for cortisol levels (basal, reactive, and CAR).

𝑃 = 0.985; see Figure 3(b)). We did, however, find a
significant group difference in reactive cortisol levels AUCi
[𝐹(2, 29) = 4.079, 𝑃 = 0.028]. Post hoc analyses showed that
the growth-oriented group presented a significantly greater
AUCi when compared to the nonconsumer group (𝑃 =
0.040; see Figure 3(c)). No differences were found between
the problem-focused group and nonconsumer group (𝑃 =
1.00) or between the problem-focused group and the growthoriented group (𝑃 = 0.10).
3.5. Supplementary Analyses. Strikingly, when one looks at
cortisol levels in response to the TSST in the group of
nonconsumers (see Figures 1 and 3(d)), one can see that the
cortisol response appears to be quite low compared to that of
consumers of self-help books. This could represent either a
hyporesponse to the TSST in the nonconsumers of self-help
books, or a hyperresponse to the TSST in the consumers of
growth-oriented self-help books (see Figure 1).
In order to contextualize the cortisol response to the
TSST in the group of nonconsumers, we extracted compiled
databases on reactive cortisol in response to TSST (we
have more than a thousand participants tested with the
same protocol on the TSST in our databases). We extracted
data for sex- and age-matched controls and compared their
response to the TSST to that of the nonconsumers. The
results are presented in Figure 4. We found no significant
differences between the cortisol levels in response to the
TSST among participants from our previous studies when

compared to nonconsumers of self-help books. This suggests
that the group of nonconsumers presents a typical cortisol
response to the TSST but that the effect seems blunted given
the hyperreactivity observed in the group of consumers of
growth-oriented self-help books.
3.6. Depressive Symptomatology. When we compared groups
on depressive symptomatology, we found a group difference
in depressive scores [𝐹(2, 29) = 5.876, 𝑃 = 0.008]. Post hoc
analyses showed that the problem-focused group presented a
significantly higher score on the BDI than the nonconsumer
group (𝑃 = 0.006; see Figure 3(d)). No differences were found
between the growth-oriented group and nonconsumer group
(𝑃 = 0.795) or between the problem-focused group and the
growth-oriented group (𝑃 = 0.095).
3.7. Calculation of Effect Size. Cohen’s 𝑓2 effect sizes [45] for
group differences on depressive symptomatology were large
for both the comparison between consumers and nonconsumers of self-help books (𝑓2 = 0.454) and between growthoriented and problem-focused groups when compared to
nonconsumers (𝑓2 = 0.63). We found a similar large effect
size for the group difference on reactive cortisol levels when
comparing the growth-oriented and problem-focused groups
to the nonconsumer group (𝑓2 = 0.507).
Table 1 presents the effect size for all the comparisons performed in the present study. We also calculated the number
of participants that would be needed in a future larger scale
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Figure 2: (a) Diurnal salivary cortisol levels (AUCg) as a function of consumer group. (b) Cortisol awakening response as a function of group.
(c) Reactive salivary cortisol levels (AUCi) in response to the Trier Social Stress Test as a function of group. (d) Depressive symptomatology
as a function of group. The asterisk (∗) means 𝑃 < 0.05. For all figures, the error bars represent the standard error of the mean adjusted for
sex and body mass index.
Table 1: Cohen’s 𝑓2 effect sizes for the comparisons of basal/reactive cortisol and depressive symptoms between consumers and nonconsumers
of self-help books and between consumers of problem-focused versus growth-oriented self-help books when compared to nonconsumers.

Consumers versus nonconsumers
Problem-focused versus growth-oriented
versus nonconsumers

AUC basal cortisol
levels
Cohen’s 𝑓 = 0.0821
𝑁 > 1000
Cohen’s 𝑓 = 0.2418
𝑁 = 168

AUC reactive cortisol
levels
Cohen’s 𝑓 = 0.269
𝑁 = 112
Cohen’s 𝑓 = 0.507
𝑁 = 40

Depressive symptoms
Cohen’s 𝑓 = 0.454
𝑁 = 42
Cohen’s 𝑓 = 0.633
𝑁 = 30

Cohen’s 𝑓2 represents one of several effect size measures that is generally used in the context of a 𝐹-test for ANOVA. Cohen gives the following guidelines for
the psychological and/or social sciences for Cohen’s 𝑓2 values: small effect size = 0.10; medium effect size = 0.25; large effect size = 0.40.

study in order to have sufficient statistical power to find group
differences on the variables tested. This analysis showed that
between 150 and 1000 participants would be needed to find
any significant differences in basal cortisol levels as a function

of self-help book consumption. By contrast, a much smaller
sample size would be needed for reactive cortisol levels (𝑁 =
40) and depressive symptoms (𝑁 = 30), based on the
medium/large effect sizes found in this small pilot study.
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Figure 3: (a) Diurnal salivary cortisol levels (AUCg) as a function of group. (b) Cortisol awakening response as a function of group. (c)
Reactive salivary cortisol levels (AUCi) in response to the Trier Social Stress Test as a function of group. (d) Depressive symptomatology as a
function of group. The asterisk (∗) means 𝑃 < 0.05. For each figure, the error bars represent the standard error of the mean adjusted for age
and body mass index.

4. Discussion
The first goal of this pilot study was to determine whether
consumers and nonconsumers of self-help books differ in
physiological and/or psychological markers of stress. We
found no differences in basal and reactive cortisol levels
but reported that consumers of self-help books present
increased depressive symptomatology when compared to
nonconsumers of self-help books. Although this difference
was obtained with a small sample size, the effect size of
the difference was large (𝑓2 = 0.454). This first result
confirms previous suggestions stating that individuals may
buy self-help books in order to self-diagnose and/or treat
their psychological distress.
The second goal of this pilot study was to assess whether
the type of self-help books one has a preference for is a better

marker of physiological and psychological markers of stress
than general interest in self-help books as a whole. First, we
found that consumers of problem-focused self-help books
presented significantly more depressive symptoms than consumers of growth-oriented self-help books. Hereto, the effect
size obtained was large (𝑓2 = 0.633). This later result shows
that the group differences observed between consumers and
nonconsumers of self-help books on depressive symptoms
is mainly driven by consumers of problem-focused self-help
books.
The increased depressive symptoms found in consumers
of problem-focused self-help books converge with the literature on depressive symptomatology suggesting that these
symptoms are associated with higher self-victimization [46].
Future studies on self-help books consumers should therefore
measure self-victimization in order to verify if it mediates
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the association between preference for problem-focused selfhelp books and depressive symptomatology. While we cannot
ascertain that consumers of this literature chose to read
these kinds of books because they show higher depressive
symptoms, it is possible that using this literature leads to
higher depressive symptomatology. Since our cross-sectional
design does not allow us to determine the directionality of the
association found, a longitudinal study would be necessary
to test this. Given the large effect size obtained for this
group difference in depressive symptomatology, sample sizes
in the range of 20 to 30 participants per group would provide
sufficient statistical power to confirm group differences.
In future studies of these populations, it could be interesting to assess potential cognitive behavioral tendencies that
have been linked to depression. For example, rumination
[46], guilt [47], mind wandering [48], and worries [39,
49, 50] are behavioral tendencies among individuals with
depressive symptomatology that may be more prominent
among consumers of problem-focused books. Indeed, these
cognitions and/or behaviors have been shown to be linked to
both depressive symptomatology and stress physiology and
could act as mediators in the association between problemfocused self-help books consumption and presence of higher
depressive symptomatology. Measuring them in future studies could therefore strengthen our understanding of the
psychoneuroendocrine profile of consumers of problemfocused self-help books.
The groups did not differ on diurnal cortisol levels, when
consumers were compared to nonconsumers and when the
consumer group was split as a function of preference for
problem-focused or growth-oriented self-help books. Also,
the effect sizes for these differences were very low and we

calculated that sample sizes between 150 and >1000 individuals would be necessary to find any statistical differences
in diurnal cortisol levels between groups. It is important
to note that diurnal cortisol rhythm has been shown to be
very stable in healthy populations and that most differences
observed in basal cortisol secretion are observed in clinical
populations [34, 51]. Therefore, the fact that we recruited
healthy consumers of self-help books and that we excluded
participants presenting psychopathologies might explain why
we were not able to detect any differences in terms of
diurnal cortisol levels. Therefore, in future studies, it would
be interesting to compare the diurnal cortisol profile of
clinically depressed individuals who consume self-help books
and clinically depressed nonconsumers if one is interested in
measuring diurnal cortisol levels as a function of consumption of self-help books.
When we compared groups on reactive cortisol levels,
we found that consumers of growth-oriented self-help books
are significantly more reactive to a laboratory psychosocial
stressor when compared to consumers of problem-focused
self-help books or nonconsumers of self-help books and the
effect size was large for this group difference (𝑓 = 0.507).
This is an important finding as we had previously found no
significant difference between consumers and nonconsumers
of self-help books on reactive cortisol levels. This result
suggests that it is the preference for a particular type of selfhelp books (here, growth-oriented self-help books) that is
associated with increased production of cortisol in response
to a psychosocial stressor and not general attraction toward
self-help books more generally.
Interestingly, no group differences were found in the
questionnaire testing locus of control. This suggests that the
increased stress reactivity to the TSST that we observed
in consumers of growth-oriented self-help books cannot
be explained by one’s belief that one has control over the
situation, as suggested by this type of self-help books. One
mechanism that could explain this higher reactivity might
be some other personality trait inherent to people who
are attracted by this type of literature. Even though we
measured basic personality traits using the NEO-FFI and
did not find any differences for five factors measured, it is
still possible that some other personality traits that elude
measurement with the NEO-FFI could explain the greater
cortisol reactivity reported in individual having a preference
for growth-oriented self-help books.
On the other hand, we do know that HPA axis reactivity
to stressors plays a critical role in providing energy resources
to face the environment and is therefore both adaptive
and necessary [52]. Therefore, another possible mechanism
that could explain the higher stress reactivity observed in
individuals having a preference for growth-oriented self-help
books is that coping mechanisms taught in this literature
allow these consumers to react in a more effective way to their
environment as required by the situation. This suggestion
goes along with studies performed in depressed patients [53]
and normal individuals [54] showing that greater use of
escape-avoidance coping (unhealthy coping mechanism) is
associated with less cortisol reactivity.
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4.1. Limitations. The present pilot study is characterized by
a number of limitations, including a small sample size, a
cross-sectional protocol, and an underrepresentation of men.
Although we made sure that our groups were equivalent in
a number of factors that are known to have effects on the
physiological stress response (such as sex, sex hormones,
socioeconomic status, age, and BMI), it is still possible that
some of the negative findings reported here are due to a
Type II error due to small sample size. Additionally, while
the current pilot study relied on the use of a “daily sampling
questionnaire” in order to assess participant’s compliance
when collecting diurnal cortisol saliva samples, this method
has been shown to be less reliable than the use of electronic
devices [37]. However, a recent study suggests that multiday
sampling somewhat tempers this effect in comparison to only
one day of sampling [42, 55]. Future studies on consumers of
self-help books should consider using electronic devices in
the assessment of diurnal cortisol as this method was shown
to be more reliable [29].
Furthermore, even though locus of control did not
explain the intergroup differences in terms of stress reactivity
and depressive symptoms, other factors such as coping
strategies that have not been measured in the present study
may have predictive value for cortisol secretion in consumers
of problem-focused versus growth-oriented self-help books.
Future studies assessing psychological and/or physiological
markers in consumers of self-help books should therefore
consider measuring coping strategies, which may explain
some of the observed associations between variables. Also,
as mentioned earlier, the cross-sectional design prevents
us from determining any directionality between variables
and, consequently, a longitudinal design measuring stress
hormones before and after utilization of self-help books could
help disentangle the cause-effects relationship of the self-help
book industry on physiological and psychological markers
of stress. Finally, given the differences in psychological
and biological markers of stress observed in consumers of
problem-focused versus growth-oriented self-help books, it
would be important in future studies to determine whether
one group of consumers benefits more from a particular type
of unguided self-help literature when compared to the other
group.

5. Conclusion
Although we found no general difference in cortisol levels
when comparing consumers and nonconsumers of self-help
books, we found that consumers of growth-oriented self-help
books are more stress reactive when facing a social evaluative
threat, while consumers of problem-focused self-help books
show higher depressive symptomatology when compared
to nonconsumers of self-help books. Our results therefore
suggest that preference for a particular genre of self-help book
(problem-focused versus growth-oriented) may be associated
with increased stress and/or mental burden in consumers of
self-help books. Every year, the self-help industry generates
billions of dollars in the US and Canada making it one of
the most lucrative businesses in North America. Clinicians
are now using guided bibliotherapy to help patients deal with
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various life conditions and we know that unguided self-help
books differ greatly in terms of quality of valid scientific
information provided. It is predicted that the self-help book
industry will only grow in future years. Consequently, it is
essential to understand the impact of different types of selfhelp books on individuals’ physical and mental health.
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Extensive behavioural, pharmacological, and neurological research reports stress effects on mammalian memory processes. While
stress effects on memory quantity have been known for decades, the influence of stress on multiple memory systems and their
distinct contributions to the learning process have only recently been described. In this paper, after summarizing the fundamental
biological aspects of stress/emotional arousal and recapitulating functionally and anatomically distinct memory systems, we review
recent animal and human studies exploring the effects of stress on multiple memory systems. Apart from discussing the interaction
between distinct memory systems in stressful situations, we will also outline the fundamental role of the amygdala in mediating such
stress effects. Additionally, based on the methods applied in the herein discussed studies, we will discuss how memory translates
into behaviour.

1. Introduction
In the following, the biological correlates and mechanisms
of stress and their influence on memory processing will
be discussed in order to outline the basic mechanisms
underlying the differential ways in which memory can be
affected by a stressor.
1.1. The Biology of Stress and Emotional Arousal. Stress refers
to an organism’s physiological and psychological reaction
triggered by an external or internal stressor, such as an
environmental condition or a psychological stimulus. It is
a state of mental or emotional strain or tension resulting
from adverse or demanding circumstances and can last for
just a few minutes to hours (acute stress) up to months
or even years (chronic stress). Stress is a highly subjective
experience in the sense that equal events are not perceived
as equally stressful by different individuals. Thus, stress can
be caused by numerous diverse events, including hassles
of everyday life (e.g., time pressure) and life-threatening
situations or circumstances (e.g., war or natural disasters).
Whether a situation is experienced as stressful or not is
determined by complex interactions between different brain
regions, including the prefrontal cortex, the hippocampus,

and the amygdala [1, 2]. The involvement of these structures
in the process of appraisal is critical to the ability to link the
currently experienced situation with one’s past experiences in
order to modulate adaptive behaviour.
The aforementioned limbic structures as well as the
prefrontal cortex have connections to the hypothalamus
which plays a crucial role concerning the activation of
a physiological stress response induced by endocrinologic
changes [2]. There are two main classes of stress hormones:
(1) glucocorticoids (GCs; corticosterone in rodents, cortisol
in humans) and (2) catecholamines (epinephrine and norepinephrine).
If a situation is perceived as stressful, neurons located in
the paraventricular nucleus of the hypothalamus synthesize
and release corticotropin-releasing hormone (CRH) which
in turn triggers the release of adrenocorticotropic hormone
(ACTH) from the pituitary gland into the bloodstream.
ACTH acts on the adrenal glands and thus induces the
release of GCs from the adrenal cortices. GCs alter the
function of multiple body tissues in order to mobilize or
store energy to meet the demands of a stress challenge [3].
Through a negative feedback mechanism GCs inhibit CRH
as well as ACTH secretion as they bind to GC receptors in
the hypothalamus and the hippocampus, hence terminating
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Figure 1: The Hypothalamus-Pituitary-Adrenal (HPA) axis. CRH
= corticotropin-releasing hormone; ACTH = adrenocorticotropic
hormone [6].

the stress response when the threatening situation is over
[4, 5]. This stress system is known as the hypothalamicpituitary-adrenal (HPA) axis (Figure 1).
There are two kinds of receptors which are targeted by
GCs: (1) the low-affinity mineralocorticoid receptor (MR)
and (2) the high-affinity glucocorticoid receptor (GR) [7].
While MRs are almost exclusively expressed in the hippocampal formation, GRs are widely distributed throughout the
brain with especially high concentrations in the hippocampus, the amygdala, and the prefrontal cortex. As already
mentioned, these brain regions play a critical role in the
process of cognitive appraisal and are also actively involved
in the negative feedback mechanism regulating HPA axis
activation [8]. When there is no current stressor and the
body is at rest, MRs are usually occupied, while GC levels
are too low to bind to the low-affinity GRs. However, when
GC levels rise, such as in the case of (chronic) stress, the
GC concentration becomes high enough to activate the lowaffinity GRs as well [3].
Apart from activating the HPA axis and its rather slow
hormonal effects, the hypothalamus is also crucial for the
activation of the autonomic nervous system in response
to emotional arousal, which is produced by either aversive
stressors or highly rewarding events [9]. This activation is
initiated only seconds after a stressful event, whereas it
takes up to 25 minutes until GC levels reach their peak.
Autonomic nervous system activation triggers the release of
epinephrine and norepinephrine from the adrenal medulla.
Due to the characteristics of the blood brain barrier, catecholamines cannot enter the central nervous system, but
they can indeed influence its activity through the complex
connections between the autonomic and the central nervous
system. Higher peripheral epinephrine levels induced by
emotional arousal indirectly stimulate the release of central

norepinephrine in the basolateral amygdala (BLA; Figure 2).
Ascending fibres of the vagus nerve contain adrenergic
receptors, which become activated through the binding of
peripheral epinephrine in rats [10] and in humans [11]. These
fibres transmit information regarding heightened activity
in visceral sensory organs to the central nervous system,
namely, to the nucleus tractus solitarius (NTS), which is
located in the brainstem [12, 13]. In turn, NTS neurons
activate the locus coeruleus (LC) through direct synapses
and thus influence central norepinephrine activity [14]. Since
most of the noradrenergic terminals in the BLA originate
in the LC, the release of norepinephrine from the BLA
seems to be mainly influenced by the activity of the LC [15–
18]. Apart from its influence on the BLA, the LC also has
extensive connections to the hippocampus and the prefrontal
cortex, regions which are critically involved in memory
processes (Figure 2). Norepinephrine is one of the primary
neurotransmitters mediating the communication between
these structures.
Apart from the above-described central effects of stress
and emotional arousal, other sympathetic reactions, like elevated heart rate, blood pressure, and galvanic skin response,
are also consistently reported [19–25]. Moreover, many
other hormones, neurotransmitters, and neuropeptides are
released after stressful experiences, which helps the organism
to successfully adapt to the stressor and restore homeostasis
[9].
Moreover, it has been proposed that increased plasticity
provided by developing neurons in the hippocampus may
increase an individual’s capacity to adapt to a changing
environment [26]. Recently, it has been theorized that the
hippocampal formation, which is crucial to memory formation as well as spatial navigation, might also play an important
role in stress regulation, possibly through the regulation
of adult neurogenesis. For example, it has been found that
artificially reduced neurogenesis through transgenic modifications or radiation exposure leads to an increased level of
stress hormones following a stressful experience [27, 28]. This
indicates that adult neurogenesis may be able to enhance the
GC-mediated negative feedback mechanism of the HPA axis
and thus could eventually act as a buffer to stress. In addition,
GCs acting on GRs can result in the modulation of gene
transcription through several complex molecular pathways,
some of which are also involved in neurogenesis, namely,
the forkhead box protein O3 (FOXO3A) pathway, which is
activated, and the transforming growth factor 𝛽 (TGF𝛽)SMAD2-SMAD3 pathway and the Hedgehog pathway, which
are inhibited [29–34].
Moreover, studies could show that stress also initiates the
release of proinflammatory cytokines in the hippocampus
and several other brain regions, where interleukin 1𝛽 levels
are increased through a catecholamine-mediated mechanism
[35]. Interestingly, stress also influences several neurotrophic
factors, which are important for the growth and maintenance
of neurons and thus their proper functioning. Among the
neurotrophic factors sensible to stress are brain-derived
neurotrophic factor (BDNF), vascular endothelial growth
factor (VEGF), and neuregulin 1 (NRG1), which is part of the
epidermal growth factor family of proteins [36].
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Figure 2: Schematic diagram depicting the activation of central structures through noradrenergic projections from the locus coeruleus
(LC) in the rat brain. The nucleus tractus solitarius (NTS) receives peripheral input via the vagus nerve which is activated after stressful or
emotionally arousing experiences [9].

However, we are still far from an integrative, complete
understanding of the many effects stress has on a molecular
level, especially when it comes to linking the knowledge
to complex cognitive phenomena (e.g., memory) or even
behavior. Since the neurobiological understanding of stress
on a microlevel is still in its infancy and because it is
beyond the scope of this review, we will focus on the abovedescribed general biological stress response systems (HPA
axis and autonomic nervous system), which are essential
to understand the studies to be discussed in our review.
However, it is of great importance to acknowledge that
the correlates we describe in this paper (e.g., brain activity
patterns) to explain the according behavioural findings are
themselves the result of multiple complex interactions of
different molecular pathways within each cell.
1.2. The Neuroanatomy of Multiple Memory Systems. Besides
a chronological framework of memory processing (encoding,
consolidation, and retrieval) a content-based subdivision of
memory has been introduced and scientists became realerted
to terms like conscious and nonconscious information processing. Whereas conscious memory processes are part of the
declarative memory system, nonconscious information processes belong to the nondeclarative system. Since declarative
memory allows for encoding the relationships between multiple items and events, it is considered to be representational,
hence providing an internal model of the external world
which is either true or false. Stored representations are highly
flexible and thus able to guide performance in many different
situations occurring in a changing environment [37]. In
contrast, nondeclarative memory contents are not subject
to conscious recollection, are not representational, and are
thus neither true nor false. An important ability regarding
nondeclarative memory processes lies in the extraction of

common elements from a series of events. Nondeclarative
memory formation can be described as modification of
specialized performance systems, which become reactivated
in situations similar to the original learning context [37].
Declarative memory is further subdivided into semantic
and episodic memory (Figure 3). While episodic memory
means context-based information processing with the possibility of “travelling back in time” and hence integrating
a memory in its original spatiotemporal context, semantic
memory (knowledge) is context-free [38]. Both of these
declarative memory systems critically rely on brain structures
in the medial temporal lobe (e.g., hippocampus) and the
diencephalon. Additionally, other brain structures, such as
the prefrontal lobe, also participate in episodic memory
processes [39, 40].
Nondeclarative memory is further divided into four
subsystems, which are responsible for functionally distinct
processes: (1) procedural/habit memory, which refers to skillbased and largely automatic processes and is dependent
on the striatum, (2) priming/perceptual learning—the phenomenon of an increased likelihood of reidentifying a previously subconsciously perceived stimulus/item—which is
regulated by the neocortex, (3) conditioning, which involves
the amygdala and the cerebellum, and (4) nonassociative
learning, which operates over reflex pathways (Figure 3).
The described memory systems are simultaneously
engaged in the parallel processing of information and can
operate in a competitive or cooperative manner [41]. Seminal studies were able to show that memory operations in
the mammalian brain do operate via anatomically distinct
systems. In a study of Packard and coworkers [42] rats with
fimbria-fornix lesions were impaired in a win-shift paradigm
of the radial-maze test and caudate animals were unimpaired
relative to controls. Conversely, rats with fimbria-fornix
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lesions were superior to controls in choice accuracy on the
win-stay version radial-maze task, while caudate animals
were impaired relative to control animals. This double dissociation indicated a different contribution of multiple memory
systems which can be probed by different tests: (1) spatial
navigation, (2) probabilistic classification learning (PCL), and
(3) instrumental learning.
Spatial navigation tasks use single proximal as well as
multiple distal cues, which help the subject to respond (Figure 4(a)). The hippocampal spatial memory system creates a
cognitive map by associating multiple cues. In contrast, the
procedural stimulus-response (S-R) memory system learns
the association between a proximal cue/stimulus and a
response. The S-R memory system is dependent on the dorsal
striatum [2]. When subjects are trained in a spatial navigation
task, subsequent behaviour in a test, where only the proximal
cue is relocated, differs according to the used memory system.
Going to the relocated proximal cue indicates S-R learning,
whereas going to the originally reinforced target indicates
multiple cue spatial learning.
In PCL tasks (e.g., the weather prediction task), subjects
are trained in categorizing different stimuli (multiple cues on
one to three out of four cards) to predict an outcome (sun
versus rain) based on trial-by-trial feedback (Figure 4(b)).
When learning has been controlled by the hippocampusdependent declarative system during training, the explicit
knowledge of the task is expected to be higher than after using
the striatum-based procedural system.
Instrumental learning works with the paradigm of outcome devaluation (Figure 4(c)). Subjects are trained in two
instrumental actions leading to distinct food rewards, one
of which is subsequently devalued by unlimited access to
this kind of food. If subjects use a goal-directed learning
strategy dependent on the prefrontal cortex, they favour
the food outcome which has not been devalued over the
devalued food in a subsequent extinction test. A goal-directed
learning strategy encodes the relationship between action
and outcome and thus makes subjects sensitive to changes
regarding the outcome value of their actions. In contrast,
the lack of such behaviour indicates dorsolateral striatumdependent S-R learning and is referred to as habit learning,

Training
Extinction

Training
Extinction

(c) Instrumental learning

Figure 4: Behavioural tests to distinguish between multiple memory systems: (a) spatial navigation, (b) probabilistic classification
learning, and (c) instrumental learning [2].
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Figure 5: Stress affects memory performance in a different manner dependent on the timing of the stressor [2].

where the relationship between the stimulus and the response
is encoded without a link to the actual outcome [2].
1.3. Memory Formation under Stress. The brain regions
involved in a physiological stress response extensively overlap
with the structures, which are critical for memory processes.
A great amount of evidence from numerous studies confirms
that stress and emotional arousal affect memory. In the
following, the effects of stress on quantitative mostly timedependent aspects and on qualitative aspects which involve
multiple memory systems will be reported.
1.3.1. Stress Effects on Quantitative Memory Performance.
Stress affects the amount of memory, that is, how much
an individual remembers. These stress effects have been
extensively studied with particular focus on hippocampusdependent memory processing, showing time-dependent
effects of the stressor on encoding, consolidation, and
retrieval [8, 43]. The effects of stress on encoding are
difficult to assess because they are always confounded with
consolidation and retrieval processes. It is probably this
difficulty which led to the highly conflicting results of different researchers studying stress effects on encoding. While
some studies indicate enhancing effects of stress on memory
encoding [44, 45], others reported impairing effects [46–
49]. However, some of these contradictions might be due to
differences in emotionality, which has been shown to critically influence memory processes. In a state of higher central
norepinephrine triggered by emotional arousal, memory for
negative information (e.g., negative pictures) appears to be
enhanced in the presence of GCs. At the same time though,
memory for neutral information seems to be impaired [50,
51].
The adrenal hormones released by emotional arousal thus
seem to be important regulators of memory strength: the
consolidation enhancing effects of GCs disappear without the
cooccurrence of norepinephrine in the BLA. In line with this,

lesions of the BLA or the administration of beta-adrenergic
receptor antagonists in the BLA abolish the enhancing
effects of high GC levels on memory consolidation [52, 53].
Furthermore, it has been shown that GR antagonists impair,
whereas GCs enhance consolidation of emotionally relevant
information [54–56]. This enhancement of the consolidation
processes induced by stress hormones is also well supported
in human studies [57]. In contrast, stress impairs retrieval
of previously learned spatial material. Spatial memory in
rodents is severely impaired when they are stressed or
received GCs before retention testing [58, 59]. However,
beta-adrenergic receptor antagonists or a lesion in the BLA
abolishes the impairing effects of GCs on spatial memory
retrieval [60, 61]. Thus, the effects of stress on memory
retrieval also underlie the influence of noradrenergic activity
in the BLA. This is also the case in humans: stress- or
pharmacologically induced increases in GC levels do not
impair memory retrieval in a nonarousing situation [62]
or after blockage of the beta-adrenergic receptors in the
BLA [63, 64]. It is important to recognize that there are
also some studies which report contradicting results [65–67].
For example, Domes and colleagues [66] detected no global
effect of cortisol on neither verbal nor nonverbal memory.
However, it became evident that stress effects on memory
depend on (1) the timing of the stress response as well as
(2) the convergence of stress hormone activity [43, 68, 69].
In general, a physiological stress response is beneficial when
occurring during the learning episode but impairs memory
function when experienced during retrieval (Figure 5).
1.3.2. Stress Effects on Memory Quality. Apart from the
stress effects on quantitative aspects of the memory, stress
and emotional arousal also affect the processing mode.
Rodents stressed before training in a spatial navigation
task used the striatum-dependent S-R strategy more often
than hippocampus-dependent spatial strategies in the test
trial [47]. Moreover, anxiogenic drugs which induce strong
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emotional arousal also facilitate the use of S-R strategies and
reduce the use of spatial strategies [70, 71]. In humans, stress
before training in a spatial navigation task also favoured
the use of an S-R strategy over a spatial strategy [72].
Interestingly, according to the aforementioned studies, the
adopted learning strategy does not necessarily influence the
quantitative memory performance.
Moreover, when participants are stressed in an instrumental learning task, they are biased towards the use of a
habitual strategy, which renders them insensitive to changes
in the outcome value. In instrumental learning tasks as well
as in spatial navigation tasks, stress prior to training appears
to favour striatum-dependent S-R learning strategies over
prefrontal cortex-dependent goal-directed or hippocampusdependent spatial strategies, respectively [73].
There is evidence suggesting that chronic stress can have
similar effects on the use of multiple memory systems. Like
under acute stress, chronically stressed rodents favour the use
of a habit strategy in spatial navigation [74] and instrumental
responding [75]. Moreover, an enlargement of the dorsolateral striatum as well as medial prefrontal cortex-atrophy
is associated with the switch from goal-directed to habit
learning in chronically stressed rats [75]. An enlargement
of the amygdala has also been reported in association with
chronic stress [76], which is likely to also have an effect on
the usage of multiple memory systems.

2. Comparison of Selected Studies
As mentioned before, stress effects on memory are evident
for qualitative as well as for quantitative aspects of memory
and their nature may be time-dependent. Stress effects
on the engagement of multiple memory systems seem to
favour striatum-dependent learning strategies and to render
behaviour habitual. The studies discussed in this section will
further address the question of whether the enhancement
of striatum-based habit memory may be the result of an
impaired hippocampus-based cognitive memory.
Moreover, in regard to the crucial role of the amygdala
in the modulation of quantitative memory parameters under
stress, the contribution of this brain region to the engagement
of multiple memory systems is of interest. Studies investigating the role of the BLA in the switch from cognitive to habit
memory will therefore also be included in this section.
The above-described tests for the study of multiple memory systems assess active behavioural choices. Therefore, the
question of how memory translates into behaviour will also
be discussed.
2.1. Competition of Multiple Memory Systems. In order to
study which memory system or which learning strategy is
favoured under stress, a classical spatial navigation task can
be used. However, such a dual-solution task cannot be used
to investigate the influence stress has on habit and cognitive
memory separately. To be able to explore the potentially
distinct effects stress may have on hippocampal cognitive and
striatal habit memory, two single-solution tasks are required.
Both of the studies conducted by Wingard and Packard [77]
and Packard and Gabriele [78] made use of this advantage

Neural Plasticity
of applying two single-solution tasks. In both experiments,
adult male rats were trained in a water-maze plus task
which required either the use of cognitive “place” or habitual
“response” learning. Rats trained in the place learning version
always had to go to the same arm of the maze (e.g., the west
arm) independently of the start position to reach the escape
platform, which reinforced the use of a spatial strategy. In
contrast, in the habit learning version of the maze, only a
turn in the same direction leads to the escape platform, which
reinforced the use of a habit strategy.
In the study by Wingard and Packard [77], a physiological
stress response was induced after training by injections of
a beta-adrenergic antagonist in the BLA, which leads to an
increase of central norepinephrine levels. As discussed earlier,
a rise in central norepinephrine levels is a hallmark of the
physiological effects triggered by stressful or emotionally
arousing experiences. The effects of this pharmacologically
induced stress response on the acquisition of either space
or habit learning strategies is revealing: while performance
in the place learning version was significantly impaired,
performance in the habit learning version was dramatically
enhanced under stress compared to the control condition
(Figure 6). Interestingly, whereas these effects were present
after an immediate infusion of the drug after learning, a
2 h delayed infusion remained ineffective [77]. These results
suggest that higher norepinephrine levels due to stress or
emotional arousal seem to time-dependently affect consolidation processes of multiple memory systems.
In a subsequent study [78], these results could be replicated using peripheral injections of RS 79948 instead of
intra-BLA infusions of the drug. How peripheral stress
hormone levels can affect central noradrenergic activity
has been described previously. These pathways elegantly
explain why peripheral administration of the drug results in
similar central activity patterns as intra-BLA infusions and
is thus also able to distinctly affect consolidation processes
of multiple memory systems. The findings suggest that the
switch to striatum-dependent habit learning strategies under
stress in classical dual-solution tasks appears to be a result
of both enhanced habit memory and impaired cognitive
memory.
Additional evidence regarding this idea comes from a
study using functional magnetic resonance imaging (fMRI)
by Schwabe and Wolf [79], where 60 healthy participants
solved a PCL task in a scanner. Participants who were stressed
with the socially evaluated cold pressure test (SECPT) before
the PCL task were biased towards the use of a striatumdependent multicue learning strategy at the expense of
a hippocampus-dependent single-cue learning strategy. As
expected, using multicue learning strategies was correlated
with more activity in the neostriatum (putamen and caudate
nucleus), while the use of single-cue learning strategies has
been associated with increased activity in the hippocampal
formation [79]. Neuroimaging data revealed further that
the striatum was significantly activated during PCL in both
groups, but that there was no significant activation of medial
temporal lobe structures in the stress group (Figure 7). This
is in line with the idea that the hippocampal declarative
memory system is impaired under stress.
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Figure 6: Intra-BLA infusions of the beta-adrenergic antagonist RS 79948 (a) enhance the acquisition of habit learning and (b) impair the
acquisition of space learning strategies in comparison to a control condition (saline) and a 2 h delayed administration of RS 79948 [77].

2.2. The Role of the Amygdala. As mentioned beforehand, in
the study conducted by Wingard and Packard [77], infusions
of the beta-adrenergic receptor antagonist RS 79948 right
into the BLA impaired hippocampus-dependent memory
and enhanced striatum-dependent memory in rodents. Thus,
the amygdala seems to play a crucial role when it comes to the
modulation of multiple memory systems. The rise of central
norepinephrine levels may affect the efferent projections of
the BLA in a manner that impairs synaptic plasticity in
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Interestingly, PCL performance in the control group was
correlated with activity in the left hippocampus but not with
striatal activity. In contrast, PCL performance in the stress
group was positively correlated with activity in the right
caudate nucleus and the left putamen, but negatively correlated with activity in the left hippocampus [79]. However, the
learning curves of stress and control groups were comparable:
over time an increase of the percentage of correct responses
and a decrease of reaction time were observed across groups
(Figure 8). This indicates that stress is not hindering the
acquisition of the PCL task but rather changes the applied
learning strategy from hippocampus-dependent declarative
to striatum-dependant procedural learning.
These data demonstrate how a shift from cognitive to
habit memory systems under stress can rescue task performance. Because the hippocampal memory system is impaired
under stress its inhibitory or competitive effects on the striatal
memory system are reduced or abolished. Importantly, the
negative correlation between left hippocampal activity and
task performance after stress suggests that attempts to engage
the declarative memory system during a stressful experience
even disrupts task performance [79]. Thus, cognitive and
habit memory systems seem to interact in a primarily competitive manner.
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Figure 7: Neuroimaging data assessed during PCL shows less right
hippocampal activity during PCL in the stress group compared to
the control group [79].
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Figure 9: (a) Posttraining peripheral injections of RS 7948 enhance habit memory, but (b) BLA inactivation with bupivacaine blocks this
enhancement [78].

the hippocampus, which consequently results in impaired
cognitive memory.
The study by Packard and Gabriele [78] further investigated whether the functional integrity of the BLA is necessary
in order for norepinephrine levels to affect the engagement
of cognitive and habit memory. Therefore, the functional
integrity of the BLA was disrupted using direct injections
of the sodium channel blocker bupivacaine. As previously
mentioned, posttraining peripheral injections of RS 79948
enhanced response learning and impaired place learning
[78]. Importantly, these enhancing and impairing effects were
abolished when the BLA had been inactivated (Figures 9 and
10).
Importantly, Packard and Gabriele [78] also showed in
their experiment that an inactivation of the BLA without

peripheral injections of RS 79948 affected neither place nor
response learning. This means that the functional integrity
of the BLA is not necessary for the acquisition of either
learning strategy. However, the impairing and enhancing
effects of peripheral stress hormone levels on hippocampusdependent cognitive and striatum-dependent habit memory,
respectively, require an intact BLA.
Although Schwabe and Wolf [79] did not find significant
differences regarding the activation of the amygdala during
the PCL and the visuomotor control task for the stress and
the control group, the authors suggest that the enhancing
and impairing effects of SECPT-induced stress on habit and
cognitive memory could nevertheless be mediated by the
amygdala. Considering this possibility, a reasonable explanation of the findings might be that the mere fact that the task
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Figure 10: (a) Posttraining peripheral injections of RS 7948 impair cognitive memory, but (b) BLA inactivation with bupivacaine blocks this
impairment [78].

had to be performed in a scanner could have been arousing
to some extent, leading to enough activity in the amygdala in
order for the SECPT-induced stress hormones to unfold their
effects.
The role of the amygdala in emotionally arousing situations has been described earlier in this paper. Regarding
the results of the herein discussed studies, it can thus be
concluded that the emotional state can modulate the degree
of interference between cognitive and habit memory systems
and even release habit memory from competing/inhibitory
influences of cognitive memory.
2.3. How Memory Translates into Behaviour. Free recall or
recognition tasks, which are often used to study quantitative
parameters of memory, directly inspect an individual’s mere
ability to remember previously learned, mostly declarative
material. On the other hand, the tests used in studies examining qualitative aspects of memory assess an individual’s
behavioural choices in order to clarify which memory system
is engaged in a task. This is especially clear in the case of
instrumental learning tasks, where participants are trained
in two instrumental actions, as described above. Because
the engagement of different memory systems is able to
modulate an individual’s choice of a particular action, we
will subsequently discuss how memory may translate into
behaviour.
In a study conducted by Schwabe and Wolf [80], participants were trained in two instrumental actions leading
to two different food rewards (chocolate/oranges). One of
the instrumental actions led to a high probability of receiving a particular food reward, while the other instrumental
action never led to the rewarding food outcome but instead
induced a low probability of receiving a common outcome
(peppermint tea). After the training session, participants
were invited to eat one of the rewarding foods to satiety
in order to devalue this particular food outcome. Participants underwent a SECPT or control procedure before the

subsequent extinction test, where only the common outcome
was delivered. Hunger and pleasantness ratings revealed that
devaluation was successful across groups because both the
stress group and the control group ranked the pleasantness
of the devalued food significantly lower before the extinction
test [80]. However, while control participants chose the high
probability action of the devalued food outcome significantly
less often during the extinction test than during training,
this behaviour was not observed in stressed participants
(Figure 11). These results indicate the use of the dorsalstriatum-dependent habit memory after an acute stressor.
They are in alignment with the studies by Wingard and
Packard [77] and Packard and Gabriele [78] which both
reported enhanced response learning after stress, as well as
with the fMRI study by Schwabe and Wolf [79], which found
a correlation between such procedural learning processes and
striatal activity in a PCL task.
In the experiment by Schwabe and Wolf [80], the stressinduced use of the habit system thus made participant’s
behaviour insensitive to changes in outcome value. It is of
utter importance to notice that the relative engagement of
multiple memory systems during encoding and consolidation
processes has not been stress-manipulated in this study [80].
The originally used learning strategy can therefore be at
least partly neglected when retrieval processes are sufficiently
affected by stress.
Since the quality of retrieved information plays an important role in the cognitive appraisal of a situation, stress prior to
retrieval can influence subsequent behavioural choices. In the
instrumental learning task used by Schwabe and Wolf [80],
the retrieved information under stress was dependent on the
dorsolateral striatum-based habit memory, which contains
information about the S-R relationship but is ignorant of
the outcome value of an action. Therefore, the behaviour
of stressed participants in the extinction test did not reflect
participant’s decreased pleasantness rankings of the devalued
outcome [80]. Participant’s behavioural choices were thus
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affected by stress effects on the quality of the retrieved
information.
In the control condition on the other hand, participant’s
behavioural choices were congruent with the value they
associated to a particular outcome [80]. This goal-directed
behaviour indicates that the retrieved information in the
extinction test contains sufficient knowledge about the task
to establish action-outcome relationships and thus allows
the individual to accordingly adapt behavioural choices.
However, the assessment of explicit task knowledge after the
extinction test revealed no significant differences between the
stress and the control groups [80]. This may at first seem to
contradict the idea that procedural memory only contains
information about the relationship between a stimulus and a
response. Interestingly, explicit task knowledge was examined
after the extinction test, when salivary cortisol levels of the
stress and the control groups were comparable [80]. Thus, it
can be assumed that, during the test assessing task knowledge,
participants of the control group as well as of the stress group
were able to retrieve information concerning the actionoutcome relationship. During the extinction test, however,
this information was accessible only to the control group, but
not to the stress group due to stressed participant’s higher
cortisol levels.
This is in line with the findings concerning task knowledge acquisition reported in the fMRI study by Schwabe
and Wolf [79]. In this study, the authors could show that
stress previous to a PCL task reduced participant’s explicit
knowledge of the task. Cortisol levels at the time of examination of task knowledge were not significantly different in
the stress and the control groups. Taken together, these results
suggest that the stress-induced enhancement of the striatumdependent procedural memory system during encoding
or consolidation process renders subsequent behavioural
choices habitual because only S-R relationships have been
learned and can thus be retrieved. Interestingly, stress solely
affecting retrieval processes also makes behaviour habitual
[80]. This suggests that the quality of retrieved information which is used to make behavioural choices, critically
depends on (1) the primarily engaged memory system during

the learning process and (2) the memory system engaged in
retrieval. It seems that during encoding and consolidation at
resting-state both memory systems separately and simultaneously store information, but the subsequent access to either of
these systems and its information is affected by an individual’s
emotional state during retrieval.

3. Discussion
An overwhelming number of studies have reported stress
effects on memory formation. This evidence can be explained
regarding the fact that the brain regions involved in a physiological stress response extensively overlap with the structures
which are critical for memory processes. A stressful or
emotionally arousing experience can (1) activate the HPA axis
which results in rising GC levels and (2) lead to an increase
in central norepinephrine levels. There is ample evidence
that these stress hormones interact in the BLA, which then
distinctly affects memory processes in other regions of
the brain, such as the hippocampus [53, 81]. For example,
stress can enhance memory consolidation, particularly for
emotionally relevant information, as well as impair memory
retrieval in both rodents and humans [54–59, 62–64].
Moreover, stress modulates the engagement of multiple memory systems and favours striatum-dependent habit
memory over hippocampus-dependent cognitive memory
in rodents and humans, without necessarily affecting task
performance in a spatial navigation task [47, 70, 72]. Additional evidence suggests that stress also favours the striatumdependent habit system in instrumental learning tasks [73].
Thus, stress appears to favour S-R learning strategies dependent on the striatum over prefrontal cortex-dependent goaldirected or hippocampus-dependent spatial strategy, respectively.
The studies discussed in this paper further show that
while habit memory appears to be enhanced under stress,
cognitive memory seems to be impaired [77, 78]. These distinct effects of stress on multiple memory systems were found
using a single-solution spatial navigation task and they imply
that striatum-dependent habit memory enhancement may
even come at the expense of hippocampus-dependent cognitive memory. In line with this idea are the neuroimaging data
from the study by Schwabe and Wolf [79], which revealed that
the striatum gets significantly activated during a PCL task
in both a stress and a control group, but that there was no
significant activation of medial temporal lobe structures in
the stress group. Importantly, left hippocampal activity was
even negatively correlated with PCL performance in the stress
group [79]. Since no differences in task performance were
found between the stress and the control groups, it can be
concluded that (1) a shift from cognitive to habit memory
systems under stress can rescue task performance and (2)
the attempt to engage the declarative memory system during
the experience of stress even disrupts task performance. The
interaction between the hippocampus-based memory system
and the striatum-based memory system thus seems to be of a
primarily competitive manner.
Investigating the role of the BLA concerning the
shift from cognitive to habit memory, the results of
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the above-discussed studies indicate that the interaction of
GCs and norepinephrine affects the engagement of multiple
memory systems and the quantitative parameters of memory
in a similar manner. Peripheral injections as well as intra-BLA
infusions of the beta-adrenergic receptor antagonist RS 79948
impaired hippocampus-dependent memory and enhanced
striatum-dependent memory [77, 78]. Similarly, many studies
on quantitative memory parameters found that the process
of memory retrieval under stress is impaired in spatial
memory tasks [58, 59], as well as in declarative memory
tasks [62–64], which may be explained by the fact that both
spatial and declarative memory rely on the hippocampus.
However, these studies on quantitative memory parameters
report that the impairing effects of stress on spatial or
declarative memory retrieval are abolished after blockage
of beta-adrenergic receptors in the BLA, which leads to an
increase in norepinephrine levels [60–64]. The same principle
appears to be true for the engagement of multiple memory
systems: higher norepinephrine levels due to injections of
RS 79948 allow impairing effects on hippocampus-dependent
spatial memory, whereas a simultaneous inactivation of the
BLA abolishes this impairment [78]. These results suggest
that the functional integrity of the BLA is of utter importance
for stress to affect quantitative and qualitative parameters of
hippocampus-based memory processes.
The behavioural tests which were developed for the
study of multiple memory systems assess behavioural choices,
which indicate the engagement of either procedural or
declarative memory system in learning processes. Schwabe
and Wolf [80] reported that the stress-induced use of the
habit system can render participant’s behaviour insensitive to
changes in outcome value in an instrumental learning task.
As discussed above, the quality of available information is
critical for the process of cognitive appraisal of a situation.
Taken together, the studies discussed in this review suggest
that the quality of consolidated material is dependent on the
engaged memory system during the learning process as well
as during retrieval. If an S-R learning strategy is used and
thus the striatum-dependant memory system is controlling
the acquisition of a task, the subsequent behavioural choices
have a habitual character [77, 78]. On the other hand, if a
spatial strategy is used and thus the hippocampus-dependent
declarative system is controlling consolidation processes, the
subsequently retrieved information may come in the form
of an (either true or false) internal representation of the
external world. This cognitive model integrates and compares
learned associations between multiple items and events and
thus subsequent behavioural choices are based on a cognitive
evaluation of the different available actions in respect of a
desired outcome. Moreover, the discussed findings indicate
that the memory system engaged in retrieval processes can
modulate behaviour [80]. The retrieved information using a
hippocampus-dependent strategy contains knowledge about
action-outcome relationships which allows participants to
choose goal-directed actions. A goal-directed behavioural
strategy is dependent on different brain regions, including
the prefrontal cortex, which also plays an important role
in the cognitive appraisal of a situation. Moreover, coping with a stressor can increase cognitive load and thus
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limit available cognitive resources. If cognitive resources are
reduced during the process of retrieval, the careful evaluation
of hippocampus-based declarative memory is impaired [80].
Because under stress the prefrontal cortex seems to be already
“busy” with a different task (coping), this brain area cannot be
sufficiently engaged in the processes of retrieval and cognitive
appraisal in order to enable the use of a goal-directed
strategy. The subsequent switch to striatum-dependent habit
system may result in actions, which do not lead to desired
outcomes because the retrieved information only consists of
S-R relationships and is thus insensitive to changes in the
value of an outcome.
Interestingly, the S-R learning strategy refers to the
procedural process of extracting common elements from
a series of events, which results in the use of a heuristic
rule-of-thumb in order to guide behaviour in a state of
decreased cognitive resources. Behavioural choices on the
basis of heuristic processing do not necessarily lead to adverse
decisions but rather are adaptive mechanisms in order to
operate effectively when cognitive load is high.
These theoretical considerations of the relationship
between memory and behaviour may remind us of the
dual-system theory proposed by Kahneman [82]. System
1, which is also referred to as intuition, results in a gut
feeling regarding the current situation and can potentially
bias people towards making irrational choices [82]. Moreover,
system 1 operates in a parallel and automatic manner and is
fast, effortless, and inflexible. All these characteristics are also
attributable to the striatum-dependent habit memory system,
which has been extensively discussed in this paper. On the
other hand, the proposed system 2, which is also referred
to as reasoning, operates in a controlled, slow, and serial
manner and is effortful and flexible [82]. The hippocampusdependant cognitive system as discussed in this paper thus
seems to correspond to system 2. These similarities might
be of valuable interest in the research on decision making.
It is tempting to speculate that stress and emotional arousal
can mediate the engagement of system 1 and system 2 in
subsequent decision-making processes by modulating effects
on multiple memory systems. It might thus be the case
that the engagement of hippocampus-based cognitive and
striatum-based habit memory during learning can determine
subsequent behavioural choices because of qualitative aspects
of retrieved information.

4. Conclusion
In mammal evolution, multiple memory systems have developed to serve different functions. On the one hand, incremental habit memory formation has evolved as a consequence
of specialized performance systems which are reactivated
in similar situations, thus allowing to react fast, albeit
they are rather inflexible. On the other hand, a memory
system has developed to serve everyday memory performance for unique episodes. Both systems are subserved
by different neuroanatomical networks. As we have outlined in this review, the interaction between these memory
systems is modulated by stress hormones: a physiological
stress response leads to enhanced striatal habit memory and
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intra-BLA bupivacaine (place task 𝑛 = 8,
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Schwabe and Wolf [79]
Training in two instrumental actions
(high versus low probability) leading to a
food outcome: three randomized trial
types with different outcomes:
(i) Chocolate (75 trials)
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Subjective stress ratings immediately after presented per trial)
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Extinction test with 75 trials of the three items questionnaire) outside the scanner
trial types (25 min after SECPT/control
condition and approximately 40 min after Learning strategy analysis with a
training)
mathematical model (comparison of a
participant’s actual responses and the
Assessment of explicit task knowledge
expected responses using a declarative or
after extinction test (free recall and
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multiple-choice questionnaire)
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Goal-directed behaviour after control
condition: control participants did not
prefer the devalued food anymore; thus
they did not prefer the associated action
anymore

Salivary cortisol levels 25 and 90 min
after the SECPT correlate with the use of
multicue-based strategies
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Neuroimaging
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correlated with activity in the left
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right caudate nucleus and the left
putamen, but negatively correlated with
activity in the left hippocampus

Caudate nucleus activity correlates with
salivary cortisol levels (across both
groups and for all time points), but not
with the increase in cortisol levels
(baseline-peak) after SECPT

Activation of the striatum during PCL in
both groups, but no significant activation
of medial temporal lobe structures in the
stress group

Activity of the hippocampus correlated
with the use of single-cue strategies, and
activity of the putamen and the caudate
nucleus correlated with multicue
strategies during the PCL task

Schwabe and Wolf [79]
Activated brain areas during the PCL
task: caudate nucleus, putamen,
hippocampus, parahippocampal cortex,
orbitofrontal cortex, cingulate cortex, and
inferior frontal cortex
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impaired hippocampal cognitive memory. Furthermore, we
could show that the functional integrity of the amygdala is of
utter importance in mediating this interaction, particularly
concerning the impairing effects of stress on hippocampusbased memories.
These distinct memory systems are differentially involved
in the learning process in different situations (e.g., stressful versus nonstressful) and help us to focus either on
particular elements of a given situation in order to make
quick decisions and “survive” (at the expense of overlooking
some peripheral nonsalient details), or on the situation
as a whole, in order to guide “rational” decision-making.
Since the quality of consolidated memories depends on
the engaged memory systems during learning as well as
retrieval, it is argued that optimal memory functioning and
decision-making require a balanced interaction between different neuroanatomical networks and their modulating stress
hormones.
The aim of this contribution was to review and discuss the
neural correlates of mammalian multiple memory systems
and how they are affected by stress. We recapitulated the biological systems involved in a stress response, which are fundamental for the understanding of the herein discussed studies,
on a macrolevel. However, before drawing conclusions, one
should bear in mind that the behavioural and imaging results
reported in our paper can only account for understanding
part of the complex nature of memory. While the presented
data helps pointing out this complexity, it certainly cannot
fully explain it. Further research should focus on stress effects
on a cellular level in order to gain a deeper understanding
of the exact mechanisms responsible for the engagement
of multiple memory systems. By integrating our knowledge
concerning molecular and transcriptional alterations under
stress into the herein proposed cognitive theories, we will
hopefully be able to shed light onto the complex interactions
between and within an organism’s central and autonomic
nervous systems and the endocrinological system during
stressful experiences.

5. Overview of Presented Studies
See Table 1.
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Tryptophan is an essential dietary amino acid that is necessary for protein synthesis, but also serves as the precursor for serotonin.
However, in addition to these biological functions, tryptophan also serves as a precursor for the kynurenine pathway, which
has neurotoxic (quinolinic acid) and neuroprotective (kynurenic acid) metabolites. Glucocorticoid hormones and inflammatory
mediators, both of which are increased by stress, have been shown to bias tryptophan along the kynurenine pathway and away
from serotonin synthesis; however, to date, there is no published data regarding the effects of stress on enzymes regulating the
kynurenine pathway in a regional manner throughout the brain. Herein, we examined the effects of an acute psychological stress
(120 min restraint) on gene expression patterns of enzymes along the kynurenine pathway over a protracted time-course (1–24 h
post-stress termination) within the amygdala, hippocampus, hypothalamus, and medial prefrontal cortex. Time-dependent changes
in differential enzymes along the kynurenine metabolism pathway, particularly those involved in the production of quinolinic
acid, were found within the amygdala, hypothalamus, and medial prefrontal cortex, with no changes seen in the hippocampus.
These regional differences acutely may provide mechanistic insight into processes that become dysregulated chronically in stressassociated disorders.

1. Introduction
Tryptophan is an essential dietary amino acid. It is well
known that it serves as the precursor for serotonin, but
what is less well known is that the majority (90–95%)
of tryptophan besides that utilized for protein synthesis,
is shuttled to the kynurenine pathway, the end point of
which is the generation of nicotinamide adenine dinucleotide
(NAD+). Metabolites along the kynurenine pathway both are
synthesized in the brain and can travel into the brain [1].

Furthermore, upregulation of the kynurenine pathway has
been demonstrated in depressive disorders, and the intensity of depressive symptoms has been found to correlate
with the upregulation of kynurenine pathway [2–10]. The
enhancement of this differential metabolic route of tryptophan has been hypothesized to contribute to potential
alterations in serotonergic function in depression, such
that an increase shuttling of tryptophan to the kynurenine
pathway could result in a deficit in serotonin synthesis
[11].

2

Neural Plasticity
Serotonin pathway
Kynurenine pathway
5-Hydroxytryptamine
(serotonin)

5-Hydroxytryptophan

Amygdala
Hippocampus
Hypothalamus
Medial PFC

Tryptophan
Ido1

4h

Tdo

1h

4h

Kynurenine

Kmo

4h

Kat1

Kynurenic
acid

3-Hydroxykynurenine
4h

Kynu

3-Hydroxyanthranilic
acid

1 h, 2 h,, and 24 h

Haao

6h

Quinolinic
acid

Figure 1: Schematic representation of tryptophan metabolism and its influence by stress. This figure shows the multiple ways that tryptophan
can be metabolized. The classic, well-known pathway is its conversion to serotonin (purple). The primary pathway of tryptophan metabolism,
however, is the kynurenine pathway (black), by which tryptophan is converted to kynurenine via tryptophan 2,3-dioxygenase (TDO) or
indoleamine 2,3-dioxygenase 1 (IDO1). From there, it can be converted into the neuroprotective kynurenic acid (KNYA) via kynurenine
aminotransferase (KAT1) or to quinolinic acid (QUIN) via a multistep process involving the enzymes kynurenine 3-monooxygenase
(KMO), kynureninase (KYNU), and 3-hydroxyanthranilate 3,4-dioxygenase (3-HOA). An analysis of mRNA expression levels of tryptophan
2,3-dioxygenase (Tdo), indoleamine 2,3-dioxygenase 1 (Ido1), kynurenine aminotransferase (Kat1), kynurenine 3-monooxygenase (Kmo),
kynureninase (Kynu), and 3-hydroxyanthranilate 3,4-dioxygenase (Haao) revealed increases in Ido1, Kmo, and Kynu mRNA expression in
the amygdala (blue), decreases in Tdo mRNA expression in the hippocampus (green), an upregulation of Tdo, and downregulation of Haao
mRNA expression in the hypothalamus (red) and a downregulation of Kynu mRNA expression in the medial prefrontal cortex (pink) (solid
lines indicate significant changes, while dashed lines indicate trending changes). This figure summates the regional and temporal effects of
acute stress on the mRNA expression of kynurenine pathway enzymes.

The rate-limiting step in this pathway is the conversion of tryptophan to kynurenine by either tryptophan
2,3-dioxygenase (TDO) or indoleamine 2,3-dioxygenase
1 (IDO1). Kynurenine can then be metabolized along a
variety of pathways. One pathway results in the conversion of kynurenine to kynurenic acid (KYNA) by kynurenine aminotransferase1 (KAT1). KYNA is an N-methyl-Daspartate receptor (NMDAR) and 𝛼7 nicotinic acetylcholine
receptor (𝛼7nAChR) antagonist and is thought to play a
neuroprotective role through inhibiting glutamate signaling
[1]. The other pathway, which results in the generation
of quinolinic acid (QUIN), has multiple steps, by which
kynurenine is converted to intermediates through kynurenine 3-monooxygenase (KMO) and kynureninase (KYNU)
and, finally, by 3-hydroxyanthranilic acid 3,4-dioxygenase
(3-HOA) to QUIN (Figure 1) [1]. As a highly selective
NMDAR agonist, QUIN can induce excitotoxicity [1]. When
taken altogether, the balance of the kynurenine metabolites,
particularly KYNA and QUIN, could play an important role
in central nervous system functioning, and that disruption of
this balance could be important for a number of neurological

disorders, including neurodegenerative and affective disorders [1].
It has been well established that inflammation can affect
the activity of enzymes regulating the kynurenine pathway
[12]. Specifically, IDO1 is upregulated by proinflammatory
cytokines, such as TNF-𝛼 and IFN𝛾, and it has also been
shown to be downregulated by anti-inflammatory cytokines,
such as IL-4 [12]. Furthermore, there is evidence that
stress, and specifically the major output of the HPA axis,
glucocorticoids, can upregulate TDO [12]. Taken together,
these data suggest that stress and/or inflammation have the
ability to upregulate levels of kynurenine. Consistent with
this, kynurenine levels are elevated in diseases that have
elevated glucocorticoid output and inflammatory mediators,
such as major depression and coronary heart disease [1, 2].
This increased pool of kynurenine may serve as a precursor
for the generation of downstream metabolites, and in the
context of disease states, it may amplify the production of the
neurotoxic QUIN, which has been hypothesized to contribute
to structural alterations and loss of neuropil in disease states
such as major depression [8, 12, 13].

Neural Plasticity
It is now well established that acute stress upregulates
inflammatory mediators, both in humans, peripherally, and
in rodents, both peripherally and in the brain [14, 15]. Recent
work from our group has demonstrated that stress-induced
changes in inflammatory mediators within the brain are not
uniform and exhibit significant spatiotemporal specificity,
with the amygdala appearing to be highly sensitive to induction of proinflammatory molecules following exposure to
acute psychological stress [16]. Given that stress increases
inflammatory cytokines and glucocorticoid levels, both of
which have been shown to increase kynurenine levels, it
seems highly plausible that stress could exert robust and
dynamic effects on the pathway regulating kynurenine synthesis. Consistent with this hypothesis, it has been shown
that various acute stressors can lead to an upregulation of
the kynurenine pathway [17–19]; however, only one of these
studies actually examined expression levels of the enzymes
involved in kynurenine metabolism and did so in a whole
brain manner without any regional specificity [17]. Therefore,
the goal of this study was to investigate whether acute stress
exposure affected gene expression levels of the enzymes in
the kynurenine pathway, particularly investigating the key
corticolimbic brain regions involved in regulating the stress
response, the amygdala, hippocampus, hypothalamus, and
medial prefrontal cortex, in a time-dependent manner.

2. Materials and Methods
2.1. Animals. Adult (approximately 70 postnatal days old,
300 g), male, Sprague Dawley rats (𝑁 = 48), obtained from
Charles River (St. Constant, QC, Canada), were used in the
following experiment. Animals were allowed to acclimate for
at least one week prior to testing and kept on a 12:12 hour (h)
light/dark cycle with ad libitum access to food and water. The
experiment was conducted during the light phase of the cycle.
The University of Calgary Animal Care Committee and the
Canadian Council for Animal Care approved all animal use.
2.2. Experimental Design. Animals were subjected to
120 minutes (min) of restraint stress within the first 2 h
of the light cycle, using clear, Plexiglas, Broome Style
restrainers (Plas-Labs, Lansing, MI, United States). Rats were
then decapitated 1 h, 2 h, 4 h, 6 h, or 24 h following stress
termination (𝑛 = 6 for all time points). A nonstressed basal
group (𝑛 = 6), designated as B, was implemented to allow for
comparison of relative mRNA expression. However, given
that circadian variations in inflammatory mediators exist
in rats [20–22], two additional basal groups, referred to as
4B and 6B, were implemented for the 4 h (𝑛 = 6) and 6 h
(𝑛 = 6) time points. Hence, there were three control groups:
B, 4B, and 6B, which were used as controls for animals in the
1 h, 2 h, and 24 h groups, the 4 h group, and the 6 h group,
respectively.
Following animal sacrifice, trunk blood was collected in
Vacutainer blood collection tubes containing K2 ethylenediaminetetraacetic acid (EDTA) (BD, Mississauga, ON,
Canada) and placed on ice for a maximum of 30 min
before centrifugation at 10,000 g and 4∘ C for 20 min. Plasma
was aliquoted and stored at −80∘ C for the measurement
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of corticosterone. Brains were extracted and the amygdala,
hippocampus, hypothalamus, and medial prefrontal cortex
were dissected out as previously described [23]. Following
dissection, brain regions were immediately flash frozen on
dry ice and stored in 2 mL RNase-free microtubes (Diamed,
Mississauga, ON, Canada) at −80∘ C for further processing. Tissue collection areas and tools were sterilized with
70% ethanol and RNaseZAP (Sigma-Aldrich, Oakville, ON,
Canada) between dissections to prevent RNase activity.
2.3. Corticosterone ELISA. Plasma corticosterone levels were
measured in duplicate using a commercially available enzyme
linked immunosorbent assay (ELISA) kit (Cayman Chemical
Company, Ann Arbor, MI, United States), according to the
manufacturer’s protocol. The limit of detection for this assay
at 80% binding/maximal binding is 30 pg/mL, while the
standard curve ranges from 8.3 pg/mL to 5,000 pg/mL. Intraand interassay variability are less than 10% at the middle
points of the standard curve. All plasma samples were diluted
1 : 1000 so that values fell within the standard curve.
2.4. Tissue Processing for mRNA Isolation and cDNA Synthesis.
Throughout the entirety of the mRNA isolation procedure,
70% ethanol and RNaseZAP (Sigma-Aldrich, Oakville, ON,
Canada) were used to ensure that contamination by RNases
did not occur. mRNA was isolated from each sample using
the RNeasy Plus Universal Mini kit (Qiagen, Toronto, ON,
Canada) and the QIAcube (Qiagen), according to the manufacturer’s protocols. Briefly, samples were placed in 900 𝜇L
of QIAzol lysis reagent (Qiagen), containing phenol and
guanidine thiocyanate, and homogenized for 2 min at 50 Hz
using 50 mm steel beads (Qiagen) with a TissueLyser LT
homogenizer (Qiagen). After lysis, 100 𝜇L of gDNA eliminator solution and 180 𝜇L of chloroform were added to the samples, followed by centrifugation for 15 min at 4∘ C and 12,000 g.
The aqueous phase containing mRNA was transferred to new
microcentrifuge tubes and placed in the QIAcube to carry
out the RNeasy Plus Universal program. In this automated
protocol, 600 𝜇L of 70% ethanol is added to the samples,
which are transferred to spin columns and centrifuged for
15 sec at 20∘ C and 8,000 g. The centrifugation process is
repeated and followed by buffer rinses, to aid in the removal
of non-mRNA biomolecules. Finally, the spin column is
placed in a 1.5 mL collection tube and nuclease-free H2 O
(Qiagen) was added to the samples so that they were eluted
to a final volume of 100 𝜇L. A Nanodrop spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States) was
used to measure mRNA concentration and purity (using the
A260 /A280 ratio). Samples were then aliquoted and frozen at
−80∘ C. All samples had an A260 /A280 ratio value between 1.9
and 2.1, indicating high mRNA purity.
In order to synthesize cDNA, qScript cDNA SuperMix
(Quanta Biosciences, Gaithersburg, MD, United States) was
used, according to manufacturer’s protocols. To summarize,
1 𝜇g of mRNA was added to 4 𝜇L of a reaction buffer (MgCl2 ,
dNTPs, recombinant RNase inhibitor protein, qScript reverse
transcriptase, random primers, oligo(dT) primer, and stabilizers) and nuclease-free H2 O to result in a solution with
a final volume of 20 𝜇L. Samples were then incubated for
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Table 1: Primer sequences used for control and kynurenine pathway enzymes.

Name
Rplp2 [16]
B2m [16]
Tdo
Ido1
Kat1
Kmo
Kynu
Haao

Forward 5 -3

Reverse 5 -3

Control primers
CGC TAC GTT GCC TCT TAT CT
CAG TTC CAC CCA CCT CAA ATA G
Kynurenine pathway enzyme primers
GAA CTT CCT CTC CTC CTT AGA
AGG AAC AGA TGG CAG AGT
CAG ACA TCT CAG ACT TCA AGA G
TCC ACT TTC ATC CCT CTC TAT
CAG ACT GCT TAC TGC CAT AC
TGA TTG AGA GAA GGC GAA TG

5 min at 25∘ C, 30 min at 42∘ C, and 5 min at 85∘ C and held at
4∘ C. As with mRNA isolation, cDNA samples were read on a
Nanodrop spectrophotometer to measure cDNA content and
stored at −20∘ C. Prior to quantitative PCR (qPCR) analysis,
cDNA aliquots were diluted in nuclease-free H2 O to a final
concentration of 25 ng/𝜇L.
2.5. Quantitative PCR. Primers were first designed using
the IDTDNA software (Coralville, IA, United States),
PrimerQuest. Although all efforts were taken to check the
literature for duplication of previous primers, any replication
of previously published primers is purely accidental and
likely due to using the same software program. mRNA
sequences for genes of interest were obtained using NCBI
Nucleotide searches. The program was then instructed to
construct primers that would result in products of no longer
than 200 base pairs (bp) and had annealing temperatures
(𝑇𝑚 ) of 52–55∘ C. Primer pairs that met these criteria were
then analyzed with the NCBI BLAST tool to check for
specificity. Finally, primers were reconstituted and diluted in
nuclease-free H2 O to obtain a final stock concentration of
10 𝜇M. For a list of primer sequences, see Table 1.
Quantitative PCR (qPCR) was performed using the
Quanta PerfeCTa SYBR Green FastMix (Quanta Biosciences)
on a Rotor-Gene Q (Qiagen), according to manufacturer’s
instructions. Briefly, 50 ng of cDNA, primers (final concentration of 1 𝜇M for forward and reverse each), and nucleasefree H2 O were added to a reaction buffer (MgCl2 , dNTPs,
AccuFast Taq DNA Polymerase, SYBR Green I dye, and
stabilizers). First, each primer was analyzed in a serially
diluted standard curve to assess proper reaction conditions
(number of cycles and annealing temperature) and to check
for primer reaction efficiency (must be between 80 and 120%).
All primers were assayed using the following specifications:
1 min at 90∘ C, 40 cycles of 95∘ C for 5 sec and 60∘ C for 30 sec.
This was followed by a melt step (72∘ C to 95∘ C) to assess for
single primer products. Each gene of interest’s primer pair
was compared with all reference primer pairs to ascertain
which ones have the most similar reaction efficiencies. For
each gene of interest, one reference primer was chosen that
matched its efficiency.
Since all samples per brain region could not fit in one
qPCR assay, they were divided as follows: assays contained
at least one sample from the B, 1 h, 2 h, and 24 h groups,

GCC CAC GCT GTC TAG TAT TT
GTG TGA GCC AGG ATG TAG AAA G
GGC CAT TCA CAC ACT CAT TA
CAG TCG TCG TTC ACC TTT AC
CCA CCA AGC CCA TGT TT
GAG TCC TCT GTT TAT CAC CTT T
CCC AGT GTG TGA GAT TTA CTT
CCT TAC AGT GGA ACC ATT TCT

from the 4B and 4 h group, or from the 6B and 6 h group.
For each run, a standard curve for each primer was run to
continually validate primer efficiencies. Likewise, for each
sample, control primers and primers of interest were assayed
in triplicate, while no template controls (containing nucleasefree H2 O) were assayed singularly.
The 𝐶𝑡 value, or the point at which fluorescent detection
crosses the threshold, was assessed for each well. The three 𝐶𝑡
values for each sample were averaged for both the reference
primer and primer of interest. The difference between the
reference primer and primer of interest, Δ𝐶𝑡 , was calculated
for each sample. Subsequently, the difference between the
average Δ𝐶𝑡 value for the basal groups (B, 4B, and 6B) and
each sample (from the 1 h, 2 h, 24 h, 4 h, and 6 h groups),
ΔΔ𝐶𝑡 , was calculated. Finally, the 2−ΔΔ𝐶𝑡 values for each
sample were calculated and the data was normalized so that
the averages 2−ΔΔ𝐶𝑡 of the basal groups were 1.
2.6. Statistical Analysis. All data were analyzed using GraphPad Prism software (GraphPad, La Jolla, CA, United States).
Before any analyses were performed, outliers were removed
using the robust regression and outlier removal (ROUT)
method in the software. It involves using nonlinear regression
to fit a curve that is not influenced by outliers [25]. This is
followed by the identification of outliers using the residuals
of the robust fit.
One-way analyses of variance (ANOVA), and if applicable
post hoc analyses with Bonferroni’s correction for multiple
comparisons, was used to compare the means of the 1 h, 2 h,
and 24 h groups to the B group, while two-tailed Student’s
t-tests were used to compare the relative mRNA expression
levels of the 4 h and 6 h groups to the 4B and 6B group,
respectively. 𝐹- or t-values, 𝑝-values, and eta square (𝑅2 )
values are reported for all data. All data are reported as
means ± standard error of the mean (SEM) and 𝑝 < 0.05 was
considered the threshold for statistical significance.

3. Results
3.1. Effects of Acute Psychological Stress on Plasma Corticosterone Concentrations. Two hours of restraint stress reliably
elevates plasma corticosterone in our hands [16], but to determine if stress had residual effects on plasma corticosterone at
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Table 2: Circulating corticosterone.
Time post-stress termination
B
1h
2h
4B
4h
6B
6h
24

Plasma corticosterone (ng/mL)
79.53 ± 21.29
80.94 ± 21.09
168.40 ± 74.35
63.97 ± 4.27
112.00 ± 24.25
248.90 ± 61.55∗
267.90 ± 99.53
33.74 ± 7.59

Effects of acute psychological restraint stress on plasma corticosterone
(ng/mL) concentrations at varying times post-stress termination. All data
are represented as means ± SEM (𝑛 = 5-6/group). ∗ 𝑝 < 0.05 compared to B
group.

the time points we examined gene expression, we measured
plasma corticosterone levels at all time points. Plasma corticosterone levels were not altered 1 h, 2 h, or 24 h post-stress
termination (𝐹(3, 19) = 1.75, 𝑝 > 0.05, and 𝑅2 = 0.22),
compared to their time-matched basal (B) group (Table 2).
Similarly, corticosterone levels remained the same at both the
4 h (𝑡(9) = 2.15, 𝑝 > 0.05, and 𝑅2 = 0.34) and 6 h time
points post-stress termination (𝑡(9) = 0.17, 𝑝 > 0.05, and
𝑅2 = 0.003), relative to their time-matched controls (Table 2).
Finally, two-tailed t-tests showed a significant increase in the
6B group compared to the B group (𝑡(10) = 2.60, 𝑝 = 0.03,
and 𝑅2 = 0.40) but not between the 4B and B (𝑡(10) =
0.72, 𝑝 > 0.05, and 𝑅2 = 0.05), which is indicative of
circadian changes in basal levels of corticosterone (Table 2).
This suggests that stress-induced corticosterone levels had
recovered to basal levels at all time points examined in this
study.
3.2. Acute Psychological Stress Upregulates Ido1, Kmo, and
Kynu mRNA Expression in the Amygdala. 120 min of restraint
stress altered amygdalar mRNA expression of Ido1, Kmo, and
Kynu but not of Tdo, Kat1, or Haao (3-HOA) (Figure 2). There
was a significant effect of stress on amygdalar Ido1 mRNA
expression (𝐹(3, 17) = 5.71, 𝑝 = 0.007), 𝑅2 = 0.50, and
subsequent post hoc analysis demonstrated that a significant
difference between the B group and the 1 h group existed
(𝑝 < 0.05) but not between the B and the 2 h or 24 h groups
(Figure 2). There were no significant increases or decreases
at the 4 h (𝑡(10) = 0.19, 𝑝 = 0.86, and 𝑅2 = 0.003) or 6 h
(𝑡(10) = 0.61, 𝑝 = 0.56, and 𝑅2 = 0.04) time point with
regard to Ido1 mRNA expression (Figure 2). Interestingly,
acute restraint stress also produced a trending increase in
Kmo (𝑡(7) = 2.01, 𝑝 = 0.09, and 𝑅2 = 0.36) and a significant
increase in Kynu (𝑡(7) = 3.03, 𝑝 = 0.02, and 𝑅2 = 0.57)
mRNA expression at the 4 h time point (Figure 2). There were
no differences in Kmo mRNA expression at the 1 h, 2 h, 24 h
(𝐹(3, 17) = 1.80, 𝑝 = 0.19, and 𝑅2 = 0.24), or 6 h time point
(𝑡(10) = 0.01, 𝑝 = 0.99, and 𝑅2 = 0.000009), compared
to their time-matched basal controls. Likewise, Kynu mRNA
expression at the 1 h, 2 h, 24 h (𝐹(3, 16) = 2.63, 𝑝 = 0.09,
and 𝑅2 = 0.33), and 6 h time points (𝑡(7) = 0.17, 𝑝 = 0.87,

and 𝑅2 = 0.004) remained the same as time-matched controls
(Figure 2).
At all time points examined (1 h, 2 h, and 24 h; 4 h; 6 h),
there were no significant changes compared to time-matched
basal controls (B, 4B, and 6B, resp.) with Tdo (𝐹(3, 19) = 0.94,
𝑝 = 0.44, and 𝑅2 = 0.13; 𝑡(10) = 0.41, 𝑝 = 0.69, and 𝑅2 =
0.02; 𝑡(10) = 0.78, 𝑝 = 0.45, and 𝑅2 = 0.06), Kat1 (𝐹(3, 18) =
0.43, 𝑝 = 0.74, and 𝑅2 = 0.07; 𝑡(10) = 0.44, 𝑝 = 0.67, and
𝑅2 = 0.02; 𝑡(10) = 0.87, 𝑝 = 0.41, and 𝑅2 = 0.07), and Haao
(𝐹(3, 17) = 0.89, 𝑝 = 0.47, and 𝑅2 = 0.14; 𝑡(10) = 0.85, 𝑝 =
0.41, and 𝑅2 = 0.07; 𝑡(10) = 1.03, 𝑝 = 0.33, and 𝑅2 = 0.10)
gene expression (Figure 2).
3.3. Acute Psychological Stress Does Not Alter Expression of
Kynurenine Pathway Enzymes in the Hippocampus. There
were no significant alterations of mRNA expression in any
of the kynurenine pathway enzymes; however, hippocampal
Tdo expression was trending towards a decrease at the 4 h
time point (𝑡(9) = 1.95, 𝑝 = 0.08, and 𝑅2 = 0.30), when
compared to its time-matched control (Figure 3). There were
no significant differences between the 1 h, 2 h, and 24 h time
points and the B group (𝐹(3, 12) = 0.85, 𝑝 = 0.49, and
𝑅2 = 0.18) or the 6 h time point and the 6B group (𝑡(9) = 0.50,
𝑝 = 0.623, and 𝑅2 = 0.03) for Tdo (Figure 3).
As mentioned above, at all time points examined (1 h,
2 h, and 24 h; 4 h; 6 h), there were no significant changes
compared to time-matched basal controls (B, 4B, and 6B,
resp.) in gene expression of Ido1 (𝐹(3, 14) = 1.40, 𝑝 = 0.29,
and 𝑅2 = 0.23; 𝑡(9) = 1.24, 𝑝 = 0.25; 𝑡(9) = 0.70, 𝑝 = 0.50,
and 𝑅2 = 0.05), Kat1 (𝐹(3, 11) = 0.72, 𝑝 = 0.56, and
𝑅2 = 0.16; 𝑡(9) = 0.30, 𝑝 = 0.77, and 𝑅2 = 0.01; 𝑡(10) = 1.61,
𝑝 = 0.14, and 𝑅2 = 0.21), Kmo (𝐹(3, 15) = 1.13, 𝑝 = 0.37, and
𝑅2 = 0.18; 𝑡(7) = 0.65, 𝑝 = 0.54, and 𝑅2 = 0.06; 𝑡(8) = 0.43,
𝑝 = 0.68, and 𝑅2 = 0.02), Kynu (𝐹(3, 9) = 1.07, 𝑝 = 0.41, and
𝑅2 = 0.26; 𝑡(7) = 0.45, 𝑝 = 0.67, and 𝑅2 = 0.03; 𝑡(8) = 0.23,
𝑝 = 0.83, and 𝑅2 = 0.006), and Haao (𝐹(3, 11) = 1.20,
𝑝 = 0.35, and 𝑅2 = 0.25; 𝑡(9) = 0.13, 𝑝 = 0.90, and
𝑅2 = 0.002; 𝑡(8) = 0.27, 𝑝 = 0.79, and 𝑅2 = 0.009) (Figure 3).
3.4. Acute Psychological Stress Upregulates Tdo and Downregulates Haao Expression in the Hypothalamus. 120 min of
restraint stress significantly altered hypothalamic mRNA
expression of Tdo and Haao but not of Ido1, Kat1, Kynm, or
Kynu (Figure 4). Tdo mRNA levels were significantly elevated
in the hypothalamus at the 4 h time point (𝑡(6) = 2.48, 𝑝 =
0.05, and 𝑅2 = 0.51) but not at the 1 h, 2 h, and 24 h (𝐹(3, 17) =
0.79, 𝑝 = 0.52, and 𝑅2 = 0.12) or 6 h time point (𝑡(8) = 1.81,
𝑝 = 0.11, and 𝑅2 = 0.29) (Figure 4). Furthermore, even
though Haao mRNA expression was not significantly altered
at the 1 h, 2 h, or 24 h time point (𝐹(3, 17) = 0.07, 𝑝 = 0.97,
and 𝑅2 = 0.01) or the 4 h time point (𝑡(9) = 0.10, 𝑝 = 0.93,
and 𝑅2 = 0.001), it was significantly downregulated 6 h poststress termination (𝑡(8) = 2.41, 𝑝 = 0.04, and 𝑅2 = 0.42)
(Figure 4).
Alterations in Kat1 mRNA expression trended toward significance between the 1 h, 2 h, and 24 h and its time-matched
basal control (𝐹(3, 17) = 2.51, 𝑝 = 0.09, and 𝑅2 = 0.31),
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Figure 2: Effects of acute restraint stress on enzymes regulating the kynurenine pathway in the amygdala. mRNA expression levels of tryptophan 2,3-dioxygenase (Tdo), indoleamine 2,3-dioxygenase 1 (Ido1), kynurenine aminotransferase1 (Kat1), kynurenine 3-monooxygenase
(Kmo), kynureninase (Kynu), and 3-hydroxyanthranilate 3,4-dioxygenase (Haao) were examined 1–24 h post-stress termination. All data are
represented as means ± SEM (𝑛 = 3–6/group). ∗ 𝑝 < 0.05 (in comparison to the B group), ∧ 𝑝 < 0.05 (in comparison to the 4B group), and
@𝑝
< 0.10 (in comparison to the 4B group).

but post hoc analysis showed that this was not between the
basal groups and any of the stress groups but between the
stress groups; furthermore, there were no changes at the 4 h
or 6 h post-stress termination time point with Kat1 mRNA

expression compared to their time-matched basal controls
(𝑡(8) = 0.66, 𝑝 = 0.53, and 𝑅2 = 0.05; 𝑡(8) = 0.25, 𝑝 = 0.81,
and 𝑅2 = 0.008). There were also no significant differences
with regard to Ido1 (𝐹(3, 17) = 1.61, 𝑝 = 0.22, and 𝑅2 = 0.22;
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Figure 3: Effects of acute restraint stress on enzymes regulating the kynurenine pathway in the hippocampus. mRNA expression levels of
tryptophan 2,3-dioxygenase (Tdo), indoleamine 2,3-dioxygenase 1 (Ido1), kynurenine aminotransferase (Kat1), kynurenine 3-monooxygenase
(Kmo), kynureninase (Kynu), and 3-hydroxyanthranilate 3,4-dioxygenase (Haao) were examined 1–24 h post-stress termination. All data are
represented as means ± SEM (𝑛 = 3–6/group). @ 𝑝 < 0.10 (in comparison to the 4B group).

𝑡(7) = 0.31, 𝑝 = 0.77, and 𝑅2 = 0.01; 𝑡(8) = 0.65, 𝑝 = 0.54,
and 𝑅2 = 0.05), Kmo (𝐹(3, 20) = 1.10, 𝑝 = 0.37, and 𝑅2 =
0.14; 𝑡(10) = 0.09, 𝑝 = 0.93, and 𝑅2 = 0.0009; 𝑡(10) = 0.11,
𝑝 = 0.91, and 𝑅2 = 0.001), or Kynu (𝐹(3, 19) = 0.92, 𝑝 = 0.45,
and 𝑅2 = 0.13); 4 h (𝑡(10) = 0.86, 𝑝 = 0.41, and 𝑅2 = 0.07);
6 h (𝑡(9) = 1.03, 𝑝 = 0.33, and 𝑅2 = 0.10) hypothalamic

mRNA expression at any time point examined compared to
time-matched basal controls (Figure 4).
3.5. Acute Psychological Stress Downregulates Kynu Expression
in the Medial Prefrontal Cortex. 120 min of acute restraint
stress significantly altered mRNA expression of Kynu but not
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Figure 4: Effects of acute restraint stress on enzymes regulating the kynurenine pathway in the hypothalamus. mRNA expression levels of
tryptophan 2,3-dioxygenase (Tdo), indoleamine 2,3-dioxygenase 1 (Ido1), kynurenine aminotransferase (Kat1), kynurenine 3-monooxygenase
(Kmo), kynureninase (Kynu), and 3-hydroxyanthranilate 3,4-dioxygenase (Haao) were examined 1–24 h post-stress termination. All data are
represented as means ± SEM (𝑛 = 3–6/group). ∧ 𝑝 < 0.05 (in comparison to the 4B group); & 𝑝 < 0.05 (compared to 6B group).

of Tdo, Ido1, Kat1, Kmo, or Haao in the medial prefrontal
cortex (Figure 5). Restraint stress altered Kynu mRNA expression between the 1 h, 2 h, and 24 h groups and their timematched control B (𝐹(3, 16) = 5.70, 𝑝 = 0.008, and 𝑅2 =
0.52), and post hoc analysis revealed that Kynu mRNA was

downregulated at 1 h (𝑝 < 0.01), 2 h (𝑝 < 0.01), and 24 h
(𝑝 < 0.05), in comparison to the B group. This decrease was
not present at the 4 h (𝑡(7) = 0.62, 𝑝 = 0.55, and 𝑅2 = 0.05)
or 6 h post-stress (𝑡(10) = 0.60, 𝑝 = 0.56, and 𝑅2 = 0.03) time
point, when compared to their basal controls (Figure 5).
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Figure 5: Effects of acute restraint stress on enzymes regulating the kynurenine pathway in the medial prefrontal cortex. mRNA
expression levels of tryptophan 2,3-dioxygenase (Tdo), indoleamine 2,3-dioxygenase 1 (Ido1), kynurenine aminotransferase (Kat1), kynurenine
3-monooxygenase (Kmo), kynureninase (Kynu), and 3-hydroxyanthranilate 3,4-dioxygenase (Haao) were examined 1–24 h post-stress
termination. All data are represented as means ± SEM (𝑛 = 3–6/group). ∗ 𝑝 < 0.05 (in comparison to the B group); ∗∗ 𝑝 < 0.01 (compared to
3B group).

Despite trending differences in Tdo (𝐹(3, 19) = 2.88,
𝑝 = 0.06, and 𝑅2 = 0.31) expression between the B, 1 h,
2 h, and 24 h groups, post hoc analysis revealed that Tdo
expression was not significantly different between the 1 h, 2 h,

and 24 h post-stress termination groups when compared to
their time-matched basal control. Furthermore, there were
no differences between the 4 h (𝑡(10) = 1.03, 𝑝 = 0.33,
and 𝑅2 = 0.10) and 6 h (𝑡(10) = 0.74, 𝑝 = 0.48, and
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𝑅2 = 0.05) termination groups when compared to their
time-matched basal controls. For the other enzymes in the
kynurenine pathway, at all time points examined (1 h, 2 h, and
24 h; 4 h; 6 h), there were no significant changes compared
to time-matched basal controls (B, 4B, and 6B, resp.) in gene
expression of Ido1 (𝐹(3, 18) = 2.33, 𝑝 = 0.11, and 𝑅2 = 0.28;
𝑡(10) = 0.25, 𝑝 = 0.81, and 𝑅2 = 0.006; 𝑡(10) = 0.33,
𝑝 = 0.75, and 𝑅2 = 0.01), Kat1 (𝐹(3, 19) = 1.79, 𝑝 = 0.18, and
𝑅2 = 0.22; 𝑡(9) = 1.42, 𝑝 = 0.19, and 𝑅2 = 0.18; 𝑡(10) = 1.32,
𝑝 = 0.22, and 𝑅2 = 0.15), Kmo (𝐹(3, 15) = 0.88, 𝑝 = 0.48, and
𝑅2 = 0.15; 𝑡(7) = 1.06, 𝑝 = 0.33, and 𝑅2 = 0.14; 𝑡(10) = 0.17,
𝑝 = 0.87, and 𝑅2 = 0.003), and Haao (𝐹(3, 16) = 0.81,
𝑝 = 0.51, and 𝑅2 = 0.13; 𝑡(7) = 0.12, 𝑝 = 0.91, and
𝑅2 = 0.002; 𝑡(8) = 1.34, 𝑝 = 0.22, and 𝑅2 = 0.18) (Figure 5).

4. Discussion
Our results are the first to show that acute stress alters gene
expression of enzymes that regulate the kynurenine pathway
in a regionally dependent manner (Figure 1). Specifically,
we showed that in the amygdala there is an increase in
Ido1, Kmo, and Kynu mRNA expression following acute
stress exposure (Figure 2). Interestingly, these increases occur
along the pathway in a temporal manner, with Ido1 mRNA
expression coming up 1 h post-stress termination followed
by Kmo and Kynu mRNA expression increases at 4 h poststress termination (Figure 1). The only other enzyme that was
increased by acute stress exposure was Tdo mRNA expression in the hypothalamus (Figure 4). In addition to these
increases, it was also found that within the hypothalamus
there was a delayed decrease in Haao mRNA expression
(Figure 4). Decreases in the gene expression of enzymes in the
kynurenine pathway were also found in the medial prefrontal
cortex, specifically in Kynu mRNA expression, which was
found to decrease at 1 h, 2 h, and 24 h post-stress termination
time points (Figure 5). Finally, there were essentially no
alterations from stress exposure on kynurenine pathway
enzymes in the hippocampus, aside from a trending decrease
in Tdo mRNA expression (Figure 3). Taken altogether this
work showed that acute stress induces temporal and regional
alterations in mRNA levels of enzymes along the kynurenine
pathway; specifically, enzymes that promote the excitotoxic
NMDAR agonist quinolinic acid are upregulated in the amygdala following acute stress exposure, and quinolinic pathway enzymes are decreased in the medial prefrontal cortex
(Figure 1). These regional differences have been highlighted
before, both in terms of acute stress-induced inflammation
[16] and also in kynurenine pathway metabolites in response
to chronic stress [26, 27]. Furthermore, given the ability
of quinolinic acid to act as a NMDAR agonist and thus
potentially increase excitability, these regional differences in
the kynurenine pathway may somewhat underlie the regional
changes in neuronal activity observed as a result of chronic
stress or psychiatric illness, such as depression, specifically,
hyperexcitable amygdala, and hypoexcitable cortex [1, 4–10].
It should be noted that there is some variability in the
mRNA expression data. In spite of this, there were significant
changes in enzymes, such that along the QUIN neurotoxic
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arm of the kynurenine pathway several enzymes are increased
within the amygdala, while a downregulation of mRNA
expression of these enzymes was seen in the medial prefrontal
cortex, following exposure to acute stress (Figure 1). It is
unclear what could be cause of this variability; however, it
has been previously reported that genes that are regulated by
stress or inflammation exhibit a high degree of expression
variability [26, 28]. It is possible that this variability of
gene expression is caused by differences in gene expression
regulators (e.g., transcription factors, upstream activators)
across individuals [27, 28].
As inflammation is known to induce enzymes along
the kynurenine pathway, specifically, upregulation of IDO1
and enzymes that increase QUIN, a neurotoxic kynurenine
metabolite [1, 13, 29], this regional specificity in response
to acute restraint stress is aligned with recent work from
our group demonstrating that acute stress produces regional
effects on inflammatory mediators in the brain. Specifically,
we found that acute restraint stress leads to an increase
of inflammatory mediators in circulation and the amygdala
but a decrease in the medial prefrontal cortex [16]. These
regionally specific changes in inflammatory cytokine levels
following acute stress parallel, to some degree, the regionspecific changes we found herein. Given the ability of inflammatory cytokines to modulate tryptophan metabolism along
the kynurenine pathway, it seems quite plausible that stress
modulates the expression of these enzymes in a regional
manner through the regulation of inflammatory mediators.
Consistent with this, previous reports have demonstrated that
glucocorticoids and inflammation can modulate the kynurenine pathway [12, 29, 30] and these data suggest that this
may occur, in part, through alterations in the expression of
the enzymes involved in the kynurenine metabolism. Whole
brain alterations of kynurenine metabolites and enzymes
following stress exposure require TNF-𝛼 and IFN𝛾 [17].
As we have recently shown that acute psychological stress
reliably increases TNF-𝛼 levels in the amygdala [16], it is
quite likely that stress-induced TNF-𝛼 signalling mediates the
documented changes here in enzymes involved in kynurenine
metabolism. Having established this pattern, future work
will seek to determine the discrete role of both TNF-𝛼 and
glucocorticoids in this process.
Given that the hippocampus has traditionally been studied as a region highly sensitive to the effects of stress, it is
interesting to note that this was the only brain region examined in which we did not find any significant changes in the
expression of enzymes involved in kynurenine metabolism.
This is consistent with the apparent lack of effect we previously reported of acute stress on inflammatory mediators in
the hippocampus [16] and parallels studies demonstrating a
lack of effect of chronic stress on downstream by-products of
kynurenine metabolism within the hippocampus [31, 32]. As
our analysis did not subdivide the hippocampus into distinct
regions (e.g., CA1, CA3, and dentate gyrus), these data do
not preclude the possibility of discrete subregion changes in
these enzymes within the hippocampus, a hypothesis which
is consistent with other data indicating that there are differences in cytokine responses within hippocampal subregions
[33].
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With regard to cellular sources of kynurenine metabolites,
there are numerous reports that have shown that KYNA
producing enzymes are primarily localized to astrocytes in
the brain, while QUIN producing enzymes are primarily
localized to microglia [1, 24]. As it has been reported that
stress can increase microglial activation [34, 35], it is possible
that these observed effects of stress on QUIN producing
enzymes are due to increased microglial activation and the
subsequent upregulation of gene transcription within these
cells. Future work should investigate the cell-type specific
origins of kynurenine pathway metabolites and enzymes in
response to stress.
These regional differences in enzymes regulating the
kynurenine pathway, in response to acute stress, could
underlie changes that others have observed with chronic
stress paradigms. Specifically, previous reports have documented an upregulation of QUIN pathway metabolites in
subcortical regions (i.e., the amygdala) and downregulation
of these metabolites in the cortex (cingulate cortex) [31, 32],
which parallels the increase and decrease we documented
of enzymes in these cascades, respectively. The functional
relevance of these changes has yet to be established, but given
that QUIN can activate NMDA channels and promote excitotoxicity, it is interesting to note that biochemical indications
of hyperexcitability and structural damage have been found
within the amygdala following exposure to chronic stress and
in depression [36].
To summarize, these data present the first investigation of the effects of acute stress on regional changes in
mRNA expression of enzymes regulating the kynurenine
pathway. Specifically, we found changes in enzymes along
the QUIN neurotoxic arm of the kynurenine pathway
are increased within the amygdala, while a downregulation of mRNA expression of these enzymes was seen in
the medial prefrontal cortex, following exposure to acute
stress (Figure 1). More so, it seems quite plausible that
these changes are a consequence of increased inflammatory
mediators in discrete brain regions and could provide a
mechanistic pathway linking stress-induced inflammation
to alterations in cellular integrity within the brain. The
data herein, demonstrating acute stress-induced changes
in the gene expression of enzymes leading to kynurenine
metabolites that alter excitatory signalling, may may provide
insight into processes that can become dysregulated during
chronic stress conditions, which could, in turn, contribute to
some of the neuropathological effects documented following
stress or inflammatory-related illnesses, particularly major
depression.
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Maternal depression has been shown to negatively impact offspring development. Investigation into the impact of maternal
depression and offspring behavior has relied on correlative studies in humans. Further investigation into the underlying
mechanisms has been hindered by the lack of useful animal models. We previously characterized a mouse model which exhibits
depression-like behaviors restricted to the postpartum period and abnormal/fragmented maternal care (Gabrd−/− mice). Here we
utilized this unique mouse model to investigate the mechanism(s) through which maternal depression-like behaviors adversely
impact offspring development. Cross-fostering experiments reveal increased anxiety-like and depression-like behaviors in mice
reared by Gabrd−/− mothers. Wild type and Gabrd−/− mice subjected to unpredictable stress during late pregnancy exhibit decreased
pup survival and depression-like behavior in the postpartum period. Exogenous corticosterone treatment in wild type mice during
late pregnancy is sufficient to decrease pup survival and induce anxiety-like and depression-like behaviors in the offspring. Further,
the abnormal behaviors in juvenile mice reared by Gabrd−/− mice are alleviated by treatment of the mothers with the corticotropinreleasing hormone (CRH) antagonist, Antalarmin. These studies suggest that hyperresponsiveness of the HPA axis is associated
with postpartum depression and may mediate the adverse effects of maternal depression on offspring behavior.

1. Introduction
Maternal depression has adverse effects on infant behavioral,
emotional, and cognitive development [1–7]. Studies investigating the impact of postpartum depression on child development have largely relied on correlative studies in humans.
However, investigation into the mechanisms mediating the
transmission of negative affect from depressed mother to
child has been impeded by the lack of useful animal models.
We previously characterized a mouse model with deficits
in maternal care which exhibits depression-like behaviors
during the postpartum period (Gabrd−/− mice) [8]. Here
we utilize this mouse model to investigate the mechanisms
underlying the negative impact of maternal depression-like
behaviors on offspring development.
Deficits in offspring development associated with maternal depression are correlated with elevated levels of stress

hormones in both the mother and the fetus [9]. Treatment of pregnant women with exogenous glucocorticoids
results in deficits in child development similar to those
related to postpartum depression [10], suggesting that the
stress response may mediate the adverse effects of maternal
depression on offspring development (for review see [11]).
The body’s physiological response to stress is mediated by
the hypothalamic-pituitary-adrenal (HPA) axis and involves
the release of CRH from the hypothalamus, which triggers
the release of adrenocorticotropic hormone (ACTH) from
the pituitary, ultimately resulting in glucocorticoid (corticosterone in mice and cortisol in humans) release from
the adrenal gland. Although basal levels of corticosterone
increase throughout pregnancy and lactation, stress-induced
elevations in stress hormones are suppressed (for review see
[12]), which is thought to protect the fetus from the negative
effects of exposure to high levels of glucocorticoids [13, 14].
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Accumulating evidence suggests that dysregulation of the
HPA axis plays a role in postpartum depression. The HPA
axis may be hyperresponsive in postpartum depression, as
indicated by elevated levels of cortisol [15], although these
findings are controversial [16, 17]. More convincing evidence
exists for increased levels of CRH [18, 19] and ACTH [18]
associated with postpartum depression. Accordingly, it has
been suggested that CRH levels are increased in women with
postpartum depression and may even be used as a diagnostic
criteria for postpartum depression [19]. Elevated levels of
stress hormones in the depressed mother result in elevated
levels of stress hormones in the infant [20] and higher levels
of stress hormones are associated with decreased maternal
care and offspring anxiety [21]. Therefore, it is reasonable to
hypothesize that dysregulation of the HPA axis may play a
role not only in postpartum depression but also in the negative impact of maternal depression on offspring development.
Consistent with this hypothesis administration of exogenous
corticosterone to the dams during the postpartum period
induced behavioral abnormalities in the offspring [22].
The activity of the HPA axis is governed by CRH neurons
in the paraventricular nucleus (PVN) of the hypothalamus (for review see [23]). The activity of these neurons,
and thus activity of the HPA axis, is tightly regulated
by robust GABAergic inhibition (for review see [24–26]),
including tonic GABAergic inhibition mediated by 𝛿 subunitcontaining GABAA Rs [27]. Interestingly, we demonstrated
that a mouse model deficient in the GABAA R 𝛿 subunit
(Gabrd−/− mice) exhibit depression-like behaviors exclusively
during the postpartum period and deficits in maternal behaviors [8]. A recent study confirmed these findings demonstrating that Gabrd−/− dams provide fragmented maternal
care and their offspring exhibit phenotypes similar to those
subjected to early life stress [28].
In this study, we utilized this mouse model (Gabrd−/−
mice), which exhibit abnormal/fragmented maternal care
and depression-like behavior during the postpartum period
[8, 28], to investigate the impact of maternal depressionlike behavior on offspring development and the involvement
of stress-related steroid hormones. It is well known that
maternal depression negatively impacts child development
in humans [1–7]. Here we reproduce analogous deficits in
offspring development associated with maternal depressionlike behavior in Gabrd−/− dams which can be mimicked with
unpredictable stress or exogenous corticosterone administration in wild type mice. Further, blocking CRH signaling with
Antalarmin during pregnancy in Gabrd−/− mice prevents
the adverse behavioral effects on the juvenile offspring. This
study demonstrates the utility of Gabrd−/− mice in investigating the pathophysiological mechanisms of postpartum
depression and implicates hyperexcitability of the HPA axis in
postpartum depression-like behavior and the negative impact
on offspring development.

of California, Los Angeles (UCLA), Division of Laboratory
Animal Medicine. The animals (4/cage) were housed in
clear plastic cages in a temperature- and humidity-controlled
environment with a 12 h light/dark cycle (light on at 6
a.m.) and were maintained on an ad libitum diet of lab
chow and water. Animals were handled according to protocols approved by the UCLA, Chancellor’s Animal Research
Committee (ARC). For the pregnancy experiments, C57/Bl6
and Gabrd−/− adult female mice were exposed to a male
mouse for a single dark cycle. The female was checked for
a vaginal plug and placed into a separated home cage. The
pregnant female was individually housed with the single
litter until the pups were weaned. For the cross-fostering
experiments, the mothers were removed from the native litter
and swapped with a surrogate (either wild type or Gabrd−/− )
immediately following delivery. The mothers were exchanged
to minimize the disturbance and handling of the pups. The
juvenile offspring remained in the home cage with the mother
(or surrogate) and littermates until all behavioral testing was
complete.

2. Materials and Methods

2.3.1. Depression Assay: Porsolt Forced Swim Test. Depression-like behavior was assessed in wild type and Gabrd−/−
dams subjected to unpredictable stress (US) at 48 hrs postpartum and in cross-fostered, CORT, and Antalarmin-treated

2.1. Animal Handling and Treatment. Adult (3 months old)
C57/Bl6 and Gabrd−/− mice were housed at the University

2.2. Unpredictable Stress Paradigm. This study utilized a stress
paradigm devised by another research team, which they
termed “chronic ultramild stress” [29, 30] and has been
shown to elevate corticosterone levels during pregnancy [29,
30]. In the current study, this stress paradigm is referred to
as unpredictable stress (US). Wild type and Gabrd−/− mice
were subjected to unpredictable stress from D14 to D21 of
pregnancy as previously described [29, 30]. Wild type and
Gabrd−/− mice at D14 of pregnancy were randomly assigned
to two groups: Group 1 (stressed) were subjected to an
unpredictable stressor (cage tilt, confinement in a small cage,
overnight light exposure for a single night, soiled cage for a
single 24-hour period, and difficult access to food) during
the dark period for 7 consecutive days until D21 of pregnancy
unless parturition occurred before at which time subjection
to the stressors was immediately ceased. The stressors were
alternated to prevent habituation to a single stressor. The
periods of stress were separated by stress-free intervals of at
least 12 hours. Group 2 (controls) were maintained in their
home cage without subjection to the unpredictable stressors.
2.3. Behavioral Tests. Behavioral tests were performed on
wild type and Gabrd−/− dams at 48 hrs postpartum, a time
point which has previously been demonstrated to be associated with abnormal postpartum and maternal behaviors in
Gabrd−/− mice [8]. Behavioral tests in juvenile mice began
at P21 with the open field test followed by the more stressful
forced swim test 24 hrs later. P21 was chosen as the time point
to test the impact of maternal behavior on the behavior of the
offspring since this time point is prior to weaning and at this
time the offspring still share a home cage with the mother.
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offspring at approximately P21 using the forced swim test as
previously described [8, 31]. Briefly, each mouse was placed
individually in a glass cylinder (21 cm × 12 cm), containing
9 cm of room temperature water (22–25∘ C), in which there is
no escape. The latency to immobility and the total duration
of immobility throughout the 6 min forced swim test were
measured. The mouse was considered to be immobile when it
ceased swimming and remained floating motionless, except
for infrequent movements of a single hindlimb to maintain
being afloat. All tests were videotaped and subsequently
analyzed and scored.
2.3.2. Anxiety Assay: Open Field Test. Anxiety-like behavior
was assessed in cross-fostered, CORT, and Antalarmintreated juvenile offspring at P21 using the open field test.
Animals were tested in the same testing area, under bright
light, with no visual cues. The apparatus was cleaned with
ethanol and water in between animals to prevent olfactory
cues. The mice were placed into the center of the open field,
which consists of a plexiglass container (40 × 30 × 40 cm)
with a grid of squares (10 × 7) on the bottom. The amount of
time spent in the center (6 × 3) squares was measured over a
single 10 min testing period. The total number of lines crossed
(beam breaks) during the 10 min test was also counted.
2.4. Acute Stress Paradigm. The acute stress paradigm was
utilized to measure stress-induced elevations in corticosterone in virgin and postpartum wild type and Gabrd−/−
mice. An adapted protocol of the CO2 exposure paradigm
[32] in adult female wild type and Gabrd−/− mice was used as
an acute stressor. Exposure to 35% CO2 for 2 min was used
to produce marked increases in circulating corticosterone
levels [33]. Virgin and postpartum (48 hrs) wild type and
Gabrd−/− mice were randomly assigned to two groups: Group
1 (stressed) which were subjected to a single episode of CO2
stress (35% for 2 min) and Group 2 (controls) which were
handled in a similar way as Group 1 except they received air
instead of air enriched with CO2 . All animals were handled
similarly in which their home cage was inserted into a larger
ventilation box where CO2 (or air in the case of controls) was
administered. The animals were allowed to recover for 30 min
prior to blood collection.
2.5. Steroid Hormone Concentration Determination. Blood
was collected for corticosterone measurements from wild
type and Gabrd−/− mice 30 min following acute CO2 stress
and compared to controls. Mice were anesthetized with
isoflurane before whole blood was collected from experimental groups by retro-orbital bleeding between 12 and 14 hrs.
Plasma was immediately isolated by high speed centrifugation and stored at −20∘ until use. Corticosterone levels
were measured by enzyme immunoassay according to manufacturer’s specifications (Enzo Life Sciences) as described
previously [27, 34–36]. Briefly, triplicate 5 𝜇L plasma samples
were assayed and compared to a standard curve using a
spectrophotometer (at 450 nm). Intra-assay variability of the
corticosterone assay was 7.8 ng/mL between paired samples
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and the interassay variability was 4.4 ng/mL for the same
samples between assays.
2.6. Corticosterone Implantation. Wild type mice at day 14
(D14) of pregnancy were briefly anaesthetized with halothane
until unresponsive to a foot pinch and were either sham
implanted or implanted with a 21-day release 10 mg corticosterone pellet (Innovative Research of America, Sarasota, FL).
The hair from the incision site on the back of the neck was
clipped and swabbed with ethanol and iodine prior to making
the incision. A small 1 cm incision was made on the back
of the neck and a small slow-release pellet (or nothing for
sham) was placed underneath the skin using forceps without
touching the external area. The incision was then closed with
sutures. Pup survival was determined at postnatal day 7 (P7)
and offspring behavior was assessed in the juveniles at P21.
Two mice per litter were randomly selected for behavioral
analysis.
2.7. Antalarmin Treatment. Antalarmin was administered to
Gabrd−/− mice from D14 to D21 of pregnancy in the drinking
water to minimize the handling of the animals. At day
14 of pregnancy, the normal drinking water was replaced
with the Antalarmin solution (10 mg Antalarmin/10 𝜇L
ethanol/100 mL drinking water). The animals were maintained on either vehicle (10 𝜇L ethanol/100 mL drinking
water) or Antalarmin until D21 of pregnancy or immediately
after parturition (if before D21) at which time the animals
were returned to normal drinking water. This treatment
strategy was previously shown to block elevations in corticosterone levels [35, 36]. Pup survival was assessed at P7 and
offspring behavior was assessed at P21.
2.8. Statistics. A one-way ANOVA with Tukey’s post hoc
multiple comparisons test was used to determine statistical
significance for comparing more than two experimental
groups. Student’s 𝑡-test was used to determine statistical
significance between two experimental groups. All statistical
tests were carried out using Graphpad 6.0 (Prism).

3. Results
3.1. Impact of Maternal Depression-Like Behaviors in Gabrd−/−
Mice on Offspring Behavior. Here we utilized Gabrd−/− mice
[8] to investigate the impact of maternal depression-like
behaviors on offspring behavior. To determine if the maternal
behavior, per se, directly mediates the deficits in offspring
behavior, we performed cross-fostering experiments. Immediately following delivery, the natural mothers of wild type
or Gabrd−/− litters were replaced with a surrogate wild type
or Gabrd−/− mother and the behavior of the cross-fostered
animals was then assessed in the juvenile offspring at age
P21 (Figure 1(a)). Our data demonstrate that juvenile wild
type or Gabrd−/− mice reared by mice exhibiting depressionlike behavior during the postpartum period (Gabrd−/− mice)
exhibit increased anxiety-like behavior in the open field test
compared to juvenile wild type or Gabrd−/− mice reared by
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Figure 1: Maternal depression-like behaviors negatively impact offspring behavior. (a) A diagram outlining the experimental design for
the cross-fostering experiments. Wild type and Gabrd−/− mice were reared by either a surrogate wild type or surrogate Gabrd−/− mother.
Juvenile wild type and Gabrd−/− offspring reared by surrogate mothers exhibiting depression-like behavior (Gabrd−/− mice) exhibit anxietylike behavior in the open field test, evident by a significant decrease in the time spent in the center squares (b) with no change in the number
of lines crossed (c) during the 10 min test. 𝑛 = 12–17 mice per experimental group; ∗ denotes 𝑝 < 0.05 using a one-way ANOVA with
Tukey’s multiple comparisons test. Juvenile wild type and Gabrd−/− offspring reared by surrogate mothers exhibiting depression-like behavior
(Gabrd−/− mice) also exhibit depression-like behavior, assessed using the forced swim test. Offspring reared by surrogate Gabrd−/− mothers
exhibit a significant decreased latency to immobility (d) and an increase in the total time spent immobile (e) compared to offspring reared
by surrogate wild type mothers. 𝑛 = 10–12 mice per experimental group; ∗ denotes 𝑝 < 0.05 using one-way ANOVA with Tukey’s multiple
comparisons test.

surrogate wild type mothers (Table 1; Figure 1(b)). Juvenile
mice reared by Gabrd−/− mice spent less time in the center
squares of the open field test compared to juvenile mice
reared by wild type mothers (Table 1; Figure 1(b)) (𝑛 = 12–17
mice per experimental group; ∗ denotes 𝑝 < 0.05 using

a one-way ANOVA with Tukey’s multiple comparisons test;
𝐹(3, 54) = 7.778). However, there is no significant difference
in the locomotor behavior, indicated by the number of
lines crossed, between offspring reared by wild type and
Gabrd−/− mothers (Table 1; Figure 1(c)) (𝑛 = 12–17 mice per
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Table 1: Summary of experimental results.
Pup survival
Surrogate

Dams
Wild type
Wild type CUS
𝐺𝑎𝑏𝑟𝑑−/−
𝐺𝑎𝑏𝑟𝑑−/− CUS
Wild type sham
Wild type CORT
𝐺𝑎𝑏𝑟𝑑−/− vehicle
𝐺𝑎𝑏𝑟𝑑−/− Antalarmin

%

Time in center (s)

Beam breaks

92.0 ± 1.0
56.2 ± 0.9∗
65.5 ± 0.9∗
41.7 ± 1.1∗
88.9 ± 2.7
20.5 ± 4.4∗
51.9 ± 6.2
75.0 ± 5.1∗

Offspring (P21)
Cross-fostered wild type
WT surrogate
Cross-fostered 𝐺𝑎𝑏𝑟𝑑−/− mice WT surrogate
𝐺𝑎𝑏𝑟𝑑−/−
Cross-fostered wild type
surrogate
−/−
𝐺𝑎𝑏𝑟𝑑
−/−
Cross-fostered 𝐺𝑎𝑏𝑟𝑑 mice
surrogate
Wild type sham
Wild type CORT
𝐺𝑎𝑏𝑟𝑑−/− vehicle
𝐺𝑎𝑏𝑟𝑑−/− Antalarmin
∗

Open field

Forced swim test
Latency to
Total time
immobility
immobile (s)
(s)
70.7 ± 6.2
49.5 ± 8.2∗
47.7 ± 2.2∗
55.8 ± 5.2∗

148.3 ± 26.7
245.6 ± 3.3∗
205.5 ± 9.8∗
222.8 ± 8.1∗

82.9 ± 12.6
78.6 ± 10.6

324.1 ± 29.1
331.5 ± 32.4

53.6 ± 2.7
58.5 ± 6.0

107.1 ± 13.7
152.9 ± 15.5

43.3 ± 4.3∗∗

250.5 ± 22.8

39.9 ± 5.3∗∗

181.4 ± 12.3∗∗

40.7 ± 4.2∗∗

360.4 ± 24.4

40.9 ± 1.4∗∗

208.4 ± 5.0∗∗

65.0 ± 11.2
37.0 ± 4.0∗∗
45.1 ± 7.1
96.7 ± 12.8∗∗

338.7 ± 20.4
546.9 ± 18.1∗∗
560.3 ± 43.9
567.0 ± 65.4

53.0 ± 7.5
41.5 ± 4.5
49.1 ± 4.1
71.0 ± 9.3∗∗

124.5 ± 38.2
204.4 ± 11.1∗∗
201.0 ± 3.3
100.0 ± 23.1∗∗

Significance 𝑝 < 0.05 compared to control, sham, or vehicle.
Significance 𝑝 < 0.05 compared to wild type, sham, or vehicle.

∗∗

experimental group; ∗ denotes 𝑝 < 0.05 using a one-way
ANOVA with Tukey’s multiple comparisons test; 𝐹(3, 54) =
2.819). These results suggest that maternal depression-like
behaviors negatively impact offspring development, resulting
in increased anxiety-like behavior. In addition, both wild type
and Gabrd−/− juvenile mice, reared by Gabrd−/− mothers,
exhibit an increase in depression-like behavior compared
to mice reared by surrogate wild type mothers. Juvenile
mice reared by Gabrd−/− mice exhibit a decreased latency to
immobility and an increase in the total time spent immobile
in the forced swim test compared to juvenile mice reared
by wild type mothers (Table 1; Figures 1(d) and 1(e)) (𝑛 =
10–12 mice per experimental group; ∗ denotes 𝑝 < 0.05
using a one-way ANOVA with Tukey’s multiple comparisons
test; latency: 𝐹(3, 39) = 4.386; total time: 𝐹(3, 39) =
12.61). These data demonstrate that maternal depression-like
behaviors in Gabrd−/− mice during the postpartum period
negatively impact offspring development and validate the use
of this model for investigating the mechanisms mediating
the negative impact of maternal depression on offspring
development.
3.2. Role of Stress in Abnormal Maternal and Postpartum
Behaviors. We proposed that the abnormal postpartum
behaviors in Gabrd−/− mice may be associated with altered

stress reactivity during the postpartum period. Postpartum
Gabrd−/− mice exhibit an increase in corticosterone levels
following acute CO2 stress (384.6 ± 27.6 ng/mL) compared
to postpartum wild type mice (81.0 ± 10.4 ng/mL), virgin
wild type mice (241.0 ± 45.3 ng/mL), or virgin Gabrd−/−
mice (225.6 ± 32.7 ng/mL) (Figure 2). However, there is
no significant difference in circulating corticosterone levels between unstressed postpartum Gabrd−/− mice (20.5 ±
4.5 ng/mL), postpartum wild type mice (16.8 ± 4.1 ng/mL),
virgin Gabrd−/− mice (59.9 ± 10.6 ng/mL), or virgin wild
type mice (30.7 ± 5.3 ng/mL) (Figure 2) (𝑛 = 7–17 mice per
experimental group; ∗ denotes 𝑝 < 0.05 using a one-way
ANOVA with Tukey’s multiple comparisons test; 𝐹(8, 93) =
20.94).
If altered stress reactivity plays a role in maternal
depression-like behaviors in Gabrd−/− mice, then we hypothesized that chronic stress would be sufficient to induce
the same behavioral disturbances in wild type mice during the postpartum period. Wild type mice subjected to
unpredictable stress (US) from D14 to D21 of pregnancy
(Figure 3(a)) exhibit a decrease in the survival rate of their
pups compared to unstressed controls (Table 1; Figure 3(b))
(𝑛: wild type = 12 mothers, 100 pups; wild type US = 9
mothers, 73 pups; ∗ denotes 𝑝 < 0.05 using Student’s 𝑡test). Decreased pup survival is exacerbated in Gabrd−/−
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Figure 2: HPA axis hyperexcitability in postpartum Gabrd−/− mice. (a) Baseline corticosterone levels measured in the plasma of virgin and
postpartum wild type and Gabrd−/− mice. (b) Average circulating corticosterone levels following CO2 stress in virgin and postpartum wild type
and Gabrd−/− mice. (𝑛 = 7–17 mice per experimental group; ∗ denotes 𝑝 < 0.05 using one-way ANOVA with Tukey’s multiple comparisons
test).

mice subjected to US compared to unstressed Gabrd−/− mice
(Table 1; Figure 3(b)) (𝑛: Gabrd−/− = 12 mothers, 84 pups;
Gabrd−/− US: 5 mothers, 36 pups; ∗ denotes 𝑝 < 0.05
using Student’s 𝑡-test). Dams subjected to US also fail to
build a nest and keep the pups at an increased distance
from the mother (data not shown), similar to Gabrd−/− mice
[8]. These abnormal maternal behaviors in wild type mice
subjected to the US paradigm are associated with depressionlike behaviors in the dams (Figures 3(c)-3(d)). Wild type
mice subjected to unpredictable stress exhibit a decreased
latency to immobility and an increased total time spent
immobile in the forced swim test at 48 hours postpartum
compared to unstressed postpartum wild type mice (Table 1;
Figures 3(c)-3(d)) (𝑛 = 5–9 for each experimental group;
∗ denotes 𝑝 < 0.05 using a one-way ANOVA with Tukey’s
multiple comparisons test; latency: 𝐹(3, 22) = 2.729; total
time: 𝐹(3, 22) = 7.874). These data are consistent with
the hypothesis that altered stress reactivity plays a role in
mediating abnormal postpartum behaviors.
3.3. Role of Maternal Corticosterone on Offspring Behavior.
To investigate whether altered stress reactivity in Gabrd−/−
mice plays a role in mediating the negative impact of
maternal depression-like behaviors on offspring development, we either sham-implanted wild type mice or implanted
them with a slow-release 10 mg corticosterone pellet on
day 14 of pregnancy and assessed offspring behavior at P21
(Figure 4(a)). We determined that corticosterone treatment
does not interfere with pup delivery or litter size (7.3 ±
0.9 pups) compared to sham implanted mice (6.0 ± 0.8
pups) (𝑛: sham = 9 mothers, 54 pups; CORT: 10 mothers,

73 pups; ∗ denotes 𝑝 < 0.05 using Student’s 𝑡-test).
Note: litter sizes were determined at the time of delivery
since there is a decreased survival rate of the pups born
to corticosterone implanted mice (Figure 4(b)); however, all
pups were alive at the time of delivery. Corticosterone levels
are significantly elevated in the corticosterone implanted
dams at 48 hours postpartum (192.8 ± 50.3 ng/mL) compared
to sham implanted mice (29.8 ± 3.2 ng/mL), postpartum wild
type controls (16.8 ± 4.1 ng/mL), or stressed postpartum
wild type mice (81.0 ± 10.4 ng/mL) (𝑛 = 10–15 mice per
experimental group; ∗ denotes 𝑝 < 0.05 using Student’s 𝑡test). Corticosterone treatment in the mothers at D14 was
sufficient to induce abnormal postpartum behaviors in wild
type mice, such as inability to build a proper nest (data
not shown) and an increase in pup mortality rate due to
cannibalism or neglect (Table 1; Figure 4(b)), similar to that
seen in Gabrd−/− mice [8] (𝑛: sham = 9 mothers, 54 pups;
CORT: 10 mothers, 73 pups; ∗ denotes 𝑝 < 0.05 using
Student’s 𝑡-test). Corticosterone treatment in the mother was
also sufficient to induce behavioral deficits in their juvenile
offspring. Juvenile mice (P21) reared by mothers treated with
corticosterone spent less time in the center squares of the
open field test compared to juvenile mice reared by sham
implanted wild type mothers (Table 1; Figure 4(c)) (𝑛 = 8
mice per experimental group, 2 mice per litter in 4 different
litters; ∗ denotes 𝑝 < 0.05 using Student’s 𝑡-test), indicative of
anxiety-like behavior. In addition, corticosterone treatment
alters locomotor behavior in the offspring of corticosteronetreated mothers, evident from the increased number of lines
crossed in the open field test compared to sham implanted
mothers (Table 1; Figure 4(c)) (𝑛 = 8 mice per experimental
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Figure 3: Unpredictable stress during pregnancy results in decreased pup survival and depression-like behavior in the dams. (a) A diagram
outlining the experimental design. Wild type and Gabrd−/− dams were subjected to unpredictable stress from D14 to D21 of pregnancy and
pup survival and depression-like behavior were assessed in the dams at 48 hrs postpartum. (b) Wild type and Gabrd−/− mice subjected to
unpredictable stress from D14 to D21 of pregnancy exhibit a decrease in pup survival compared to control wild type and Gabrd−/− mice. 𝑛:
wild type = 12 mothers, 100 pups; wild type US = 9 mothers, 73 pups; Gabrd−/− = 12 mothers, 84 pups; Gabrd−/− US = 5 mothers, 36 pups; ∗
denotes 𝑝 < 0.05 using Student’s 𝑡-test. Wild type and Gabrd−/− dams subjected to unpredictable stress from D14 to D21 of pregnancy exhibit
a decreased latency to immobility (c) and an increased total time spent immobile (d) in the forced swim test at 48 hrs postpartum. 𝑛 = 5–9
for each experimental group; ∗ denotes 𝑝 < 0.05 using one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 4: Corticosterone treatment in wild type mice during pregnancy decreases pup survival and induces deficits in offspring behavior.
(a) A diagram outlining the experimental design. Wild type dams were implanted with a 10 mg, slow-release corticosterone pellet at D14 of
pregnancy and pup survival and offspring behavior in the juveniles were assessed at P21. (b) Corticosterone-treated wild type mice exhibit a
decrease in pup survival compared to sham implanted wild type mice. 𝑛: sham = 9 mothers, 54 pups; CORT: 10 mothers, 73 pups; ∗ denotes
𝑝 < 0.05 using Student’s 𝑡-test. (c-d) Juvenile offspring reared by wild type mothers implanted with a 10 mg, slow-release corticosterone pellet
at D14 of pregnancy, exhibit anxiety-like and depression-like behaviors at P21. (c) Juvenile mice reared by corticosterone-treated mothers
spent a decreased amount of time in the center of the open field test and an increase in locomotor activity. (d) Juvenile mice reared by
corticosterone-treated mothers exhibited a decreased latency to immobility and an increase in the total time spent immobile in the forced
swim test (𝑛 = 8 mice per experimental group; ∗ denotes 𝑝 < 0.05 using Student’s 𝑡-test).

group, 2 mice per litter in 4 different litters; ∗ denotes
𝑝 < 0.05 using Student’s 𝑡-test). Corticosterone treatment in
wild type mothers also induced depression-like behavior in
the offspring. Offspring reared by corticosterone implanted
wild type mothers spend an increased total time immobile
during the forced swim test compared to juvenile mice reared
by sham implanted wild type mothers (Table 1; Figure 4(d))
(𝑛 = 8 mice per experimental group, 2 mice per litter in
4 different litters; ∗ denotes 𝑝 < 0.05 using Student’s 𝑡test). These data support the hypothesis that stress hormones,
specifically corticosterone, mediate the negative impact of

maternal depression-like behaviors on offspring behavior in
the mouse.
If altered stress reactivity in Gabrd−/− mothers plays a
role in the impact of maternal depression-like behaviors
on offspring development, we hypothesized that inhibiting
the stress response in the mother with the corticotropinreleasing hormone (CRH) antagonist, Antalarmin, would
decrease the anxiety- and depression-like behaviors in the
juvenile offspring (Figure 5(a)). We did not observe any
changes in litter size associated with Antalarmin treatment
(7.6 ± 0.9 pups) compared to vehicle treatment (6.5 ± 0.8
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Figure 5: Blocking CRH signaling in Gabrd−/− mice during pregnancy increased pup survival and diminished the negative impact on
offspring behavior. (a) A diagram outlining the experimental design. Gabrd−/− dams were treated with Antalarmin from D14 to D21 of
pregnancy and pup survival and offspring behavior in the juveniles were assessed at P21. (b) Antalarmin-treated Gabrd−/− mothers exhibit an
increase in pup survival compared to vehicle-treated controls. 𝑛: Gabrd−/− vehicle = 8 mothers, 52 pups; Gabrd−/− + Antalarmin: 9 mothers, 68
pups; significance was determined as 𝑝 < 0.05 using Student’s 𝑡-test. (c-d) Juvenile mice reared by Gabrd−/− mothers treated with Antalarmin
exhibit a decrease in anxiety-like and depression-like behavior at P21. (c) Offspring of Antalarmin-treated Gabrd−/− mothers spend an
increased amount of time in the center of the open field with no change in activity compared to vehicle-treated controls. (d) Offspring of
Antalarmin-treated Gabrd−/− mothers exhibited an increased latency to immobility and a decreased total time spent immobile in the forced
swim test (𝑛 = 8–10 mice per experimental group; ∗ denotes 𝑝 < 0.05 using Student’s 𝑡-test).

pups). This dose of Antalarmin was sufficient to decrease
the stress-induced circulating corticosterone levels in postpartum Gabrd−/− mice (101.5 ± 12.0 ng/mL) to levels similar
to postpartum wild type mice (81.0 ± 10.4 ng/mL) which
is significantly lower than the stress-induced levels in postpartum Gabrd−/− mice (384.6 ± 27.6 ng/mL). Antalarmin
treatment ameliorated the abnormal postpartum behaviors
in postpartum Gabrd−/− mice. Gabrd−/− dams treated with
Antalarmin exhibit an increase in pup survival compared
to controls (Table 1; Figure 5(b)) (𝑛: Gabrd−/− vehicle = 8

mothers, 52 pups; Gabrd−/− + Antalarmin: 9 mothers, 68
pups; significance was determined as 𝑝 < 0.05 using Student’s
𝑡-test). Further, Antalarmin treatment in the mother was
also sufficient to ameliorate the mood disorders in juvenile
mice reared by Gabrd−/− mothers. Juvenile mice (P21) reared
by Gabrd−/− mothers treated with Antalarmin spent more
time in the center squares of the open field test, which is
indicative of decreased anxiety levels, compared to juvenile
mice reared by vehicle-treated Gabrd−/− mothers (Table 1;
Figure 5(c)) (𝑛 = 8–10 offspring per experimental group,
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2 mice per litter in 4-5 different litters; significance was
determined as 𝑝 < 0.05 using Student’s 𝑡-test). There was no
significant difference in the number of lines crossed in the
open field test between the offspring of Antalarmin-treated
and vehicle-treated Gabrd−/− mothers (Table 1; Figure 5(c)).
Similarly, offspring reared by Antalarmin-treated Gabrd−/−
mothers exhibit decreased depression-like behavior, evident
by an increased latency to immobility and decreased total
time spent immobile compared to offspring reared by vehicletreated Gabrd−/− mothers (Table 1; Figure 5(d)) (𝑛 = 8–10
mice per experimental group, 2 mice per litter in 4-5 different
litters; significance was determined as 𝑝 < 0.05 using Student’s 𝑡-test). These data demonstrate that inhibiting the stress
response, such as with the CRH antagonist, Antalarmin,
is therapeutic in ameliorating the abnormal postpartum
behaviors in Gabrd−/− mothers as well as preventing the
negative impact of maternal depression-like behaviors on
offspring development.

4. Discussion
This study highlights the utility of a unique mouse model
to investigate the underlying mechanisms mediating the
pathophysiology of postpartum depression and the mechanism(s) through which postpartum depression negatively
impacts offspring development. It is generally accepted that
both genetic and environmental factors play a role in the
pathophysiology of postpartum depression. However, either
the current animal models exhibit a genetic predisposition for
depression-like behavior or the behavior is environmentally
induced [37]. Here we describe a genetic mouse model
exhibiting depression-like behavior that is restricted to the
postpartum period [8], which is aggravated by environmental
stress similar to the human condition [38]. This is the first
genetic mouse model which exhibits a predisposition to
postpartum depression-like behavior in which there is also
an environmental component. Therefore, we feel that this
is a useful model for studying the mechanisms mediating
postpartum depression-like behavior and the accompanying
deficits in offspring development.
Clearly, hormone changes throughout pregnancy and
the postpartum period trigger the onset of postpartum
depression. However, gonadal hormone levels do not appear
to be significantly altered in women with postpartum depression [39–41], suggesting that women must be predisposed
to the disorder. During pregnancy, levels of estrogen and
progesterone steadily increase due to placental production of
these hormones, which decrease abruptly with the removal
of the placenta. However, no change in estrogen or progesterone levels has consistently been shown to be associated
with postpartum depression [41]. There are numerous other
hormonal changes that occur during pregnancy, including
changes in oxytocin, prolactin, and cortisol levels (for review
see [42]). However, no alterations out of the physiological range were found for prolactin [41, 43], oxytocin, or
vasopressin [44] associated with postpartum depression.
Hypercortisolism has been suggested to play a role in the
pathophysiology of postpartum depression [45], since major
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depression is also associated with hypercortisolism [46].
Normally, the stress-induced activation of the HPA axis is
suppressed during pregnancy ([47], for review see [12]),
consistent with our observations in postpartum wild type
mice (Figure 2). Altered levels of cortisol [11, 18, 48], ACTH
[18], and CRH [19] have been associated with postpartum
depression. Researchers have gone so far as to say that
elevated CRH levels may be used as a diagnostic criterion
for postpartum depression [19]. However, other studies have
failed to reproduce these results ([41, 43], for review see
[42]). Here we demonstrate hyperresponsivity of the HPA
axis associated with depression-like behaviors during the
postpartum period in a mouse model, similar to what has
been observed in women with postpartum depression [49].
Consistent with a role for HPA axis hyperresponsiveness
in postpartum depression-like behaviors, this study supports
a role for elevated corticosterone in the pathophysiology
of postpartum mood disorders, since physiological stress
is sufficient to induce depression-like behavior during the
postpartum period in mice (Figure 3). Previous studies have
demonstrated that corticosterone alters maternal care and
induces postpartum depression-like behaviors in the dams
[50]. Here we demonstrate that exogenous corticosterone
treatment in wild type mice during pregnancy results in a
robust decrease in pup survival (Figure 4). This has previously been observed [51], albeit not to the same extent
as in the current study. The discrepancy may be due to a
prolonged exposure in our study to levels of corticosterone
normally found in stress. However, we cannot rule out
potential abnormalities in the pups due to corticosterone
exposure which may impact pup mortality. Interestingly, our
study demonstrates that physiological stress in the dams
is sufficient to increase pup mortality in both wild type
and Gabrd−/− mice (Figure 3(b)). However, unpredictable
stress does not alter depression-like behaviors in postpartum
Gabrd−/− although it increases depression-like behaviors in
wild type mice (Figures 3(c) and 3(d)). We interpret these
data to indicate that physiological stress is incapable of
altering depression-like behaviors in postpartum Gabrd−/−
mice in which corticosterone levels are already elevated,
demonstrating a potential ceiling effect. Similarly, our results
demonstrate that the CRH antagonist, Antalarmin, increases
pup survival in Gabrd−/− mice (Figure 5). These data demonstrate a direct role of stress hormones in postpartum mood
disorders and may contribute to the negative impact of
maternal depression on offspring development.
Children exposed to mothers with postpartum depression exhibit deficits in cognitive development, motor, and
emotional development (for review see [52]). Many mechanisms have been proposed to mediate the negative association
between maternal depression and offspring development,
including environmental and genetic components. It is also
possible that there is a direct, biochemical component of
maternal depression which impacts offspring development.
Deficits in child development associated with maternal
depression are correlated with elevated cortisol levels in the
mother [53, 54], suggesting that the stress hormones may play
a role in the negative impact of maternal depression on child
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development. Consistent with this theory, we demonstrate
behavioral deficits in mice reared by Gabrd−/− mothers,
which exhibit hyperresponsiveness of the HPA axis, and
offspring reared by wild type mice subjected to US or
treated with exogenous corticosterone. Further, corticosterone treatment in dams has previously been shown to result
in adverse behavioral effects in the offspring [22], which could
be a direct effect of corticosterone levels in the offspring
which may alter subsequent HPA axis activity [55]. These
data support a direct role of stress hormones in both the
pathophysiology of postpartum depression and the negative
impact of maternal depression on offspring development.
In the current study, the mouse models which exhibit
abnormal postpartum behaviors and a negative impact offspring development, including Gabrd−/− mice and wild type
dams subjected to unpredictable stress or treated with exogenous corticosterone, exhibit a high degree of pup mortality
due to cannibalism and/or neglect. This is in contrast to
the human condition of postpartum depression which is
not typically associated with infant mortality or infanticide.
Neonaticide and infanticide are more commonly associated
with postpartum psychosis [56]. It is possible that postpartum
Gabrd−/− mice more accurately model postpartum psychosis.
However, this is difficult to assess in mice and requires further
study.
Due to the high level of pup mortality in the mouse
models exhibiting abnormal postpartum behaviors and a
negative impact offspring development, including Gabrd−/−
mice and wild type dams subjected to unpredictable stress
or treated with exogenous corticosterone, we cannot rule
out both the impact of changing litter size on maternal
behaviors and the impact on offspring development. Relevant
to the current study, smaller litter size is associated with
more directed maternal care [57, 58]. Further, mice reared
in smaller litters also exhibit decreased anxiety-like behaviors
during adulthood [58]. These findings are in contrast to the
current study where we observe a decreased litter size in
Gabrd−/− litters associated with abnormal maternal care [8]
and increased anxiety- and depression-like behaviors in the
offspring reared by Gabrd−/− mice (Figure 1). Thus, it does
not appear that litter size impacts the findings in the current
study.
This study directly demonstrates the negative impact of
postpartum depression-like behavior and deficits in maternal
care on offspring behavior. Further, our data suggest a role
for HPA axis dysfunction in mediating the negative impact
of maternal mood on offspring behavior.
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