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There are few fields in neuroscience that have witnessed a
faster development than the field of adult neurogenesis in
the past decade. The discovery of stem cells present in the
adult brain that give rise to new neurons has raised a lot of
interest as it changed current concepts of brain plasticity and
possible strategies for brain repair.While neurogenesis, today,
has become a well-acknowledged phenomenon, many open
questions remain. In this special issue, we have compiled a
selection of articles that address several timely topics related
to neurogenesis and discuss some of the unresolved questions
concerning the functional relevance of adult neurogenesis, its
regulation, and its role in the diseased brain.

The history of the field of adult neurogenesis is filled
with controversies. By the end of the nineteenth century,
largely due to influential scientists like y Cajal [1], it was
firmly believed that no new neurons were added to the adult
mammalian brain. A central dogma in neuroscience was
that brains of mammals remained structurally constant from
soon after birth. Neurogenesis was believed to occur only in
early development and to rapidly decrease shortly thereafter.
In the early 1960s, ground-breaking studies challenged this
well-accepted doctrine by reporting the presence of newborn
cells in various brain structures of young and adult rats,
including the cerebral cortex, hippocampus, and olfactory
bulb [2, 3]. These reports, however, were essentially ignored

by the scientific community, and it was not until the end
of the twentieth century, more than 100 years after the
initial formulation of y Cajal’s tenacious dogma, that a novel
concept could develop. In the late 1990s, a series of papers
initiated an explosion of research on the existence, function,
and implications of adult mammalian neurogenesis. Over
the years, accumulating evidence has since established adult
neurogenesis as a concept, and it is now widely accepted that
the adult brain is far from being fixed but is rather a highly
plastic organ in which new neurons are indeed added to the
existing network throughout life in all mammals including
humans. An overview of the controversial history of adult
neurogenesis is reviewed in this issue by E. Fuchs and G.
Flügge.

Today, we know that neurogenesis occurs in the adult
central nervous system throughout life in at least a few
discrete regions, like the hippocampus and subventricular
zone. From rodents to primates, neurons are continuously
produced in the subgranular zone of the hippocampal dentate
gyrus. New neurons are also generated in the subventricular
zone, the largest germinal zone of the adult mammalian
brain, from which they extensively migrate along the rostral
migratory stream into the olfactory bulb.

A highly dynamic process, adult neurogenesis is fur-
ther regulated by several endogenous as well as exogenous
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2 Neural Plasticity

factors, such as age, exercise, (early) stress, and disease
[4–7]. Environmental stimuli (e.g., diet and stress) and
social interactions can greatly affect adult neurogenesis at
multiple levels.These include proliferation, fate specification,
migration, integration, and survival. In this issue, T. Murphy
and colleagues address dietary interventions as effective
environmental modifiers of brain plasticity.The authors eval-
uate the gap in our mechanistic understanding and discuss
recent findings from animal and human studies reporting
beneficial effects of dietary factors on cognition, mood and
anxiety, aging, and Alzheimer’s disease. Finally, they discuss
the obstacles involved in harnessing these promising effects
of diet on brain plasticity as seen in animal studies, into
effective recommendations for humans and interventions to
promote brain health. P. Peretto et al. review how the social
environment impacts adult olfactory bulb neurogenesis.They
discuss how social behaviors related to reproduction promote
the proliferation and integration of newborn neurons into
functional circuits. These social influences on adult olfactory
bulb neurogenesis may ultimately enhance individuals’ fit-
ness, as these “fresh” neurons contribute to critical activities
such as parental behavior and partner recognition. Environ-
mental influences on neurogenesis may already occur before
conception but also continue during the peripartum period
(pregnancy, birth, and lactation) which is characterized by
numerous alterations in maternal neuroplasticity and neuro-
genesis, crucial for the physiological and mental health of the
mother.

K. M. Hillerer et al. review common peripartum adap-
tations in mothers’ physiology and behavior, focusing on
changes in neurogenesis and their possible underlyingmolec-
ular mechanisms. From conception onwards, our physical
and social environments trigger a series of physiological
responses that modify our later responsivity by acting on
the genetic blueprint to adjust developmental and lifelong
programming of mental function. Early life represents a
particularly sensitive period to the programming influences
of environmental factors. Interestingly, the immune system
plays an important role in the communication between the
human body and its environment. While this holds true
during both early development and adulthood, preliminary
evidence suggests that early-life activation of the immune
system can affect hippocampal neurogenesis and increase
the risk for psychiatric disorder development later on. K.
Musaelyan et al. further examine the effects associated with
such immune system activation during early life, providing
evidence to support a neurogenic hypothesis of immune
developmental programming.

One of the most important and extensively studied
environmental influences on neurogenesis is stress, both
acute and chronic. Whereas brief stressful challenges appear
beneficial for brain plasticity, allow adaptation, and in
some instances even increase neurogenesis, chronic stress
exerts deleterious inhibitory effects on plasticity, especially
in the hippocampus. These detrimental influences are largely
attributed to the elevation of glucocorticoids, throughmolec-
ular mechanisms that are still not entirely clear. In the final
part of their review, E. Fuchs and G. Flügge provide an
overview of the influences of stress and stress hormones

on the regulation of adult hippocampal neuroplasticity.
The deleterious actions of chronic stress on neurogenesis
have led to speculations regarding involvement of hip-
pocampal neurogenesis in the aetiology of depression as
well as antidepressants’ mode of action. In this issue, P.
Rotheneichner et al. analyze the relationship between the
various mechanisms of action of electroconvulsive therapy
(ECT), a powerful second-line treatment for major depres-
sion disorders that strongly stimulates neurogenesis. They
explore the intricate interactions between electroconvulsive
shocks, hypothalamic-pituitary adrenal axis, neurogenesis,
angiogenesis, and microglia activation as well the role of
neurogenesis in age-related changes of ECT response inmice.
J. L. Pawluski et al. instead explore the effects of fluoxetine,
the most common antidepressant in the treatment of mood
disorders, on hippocampal neuroplasticity and neurogenesis
in female rats. They provide new evidence indicating that
different modes of administration (oral versus minipump)
of this antidepressant differentially modulate hippocampal
neurogenesis in adult female rats.

Although somewhat counterintuitive, neurogenesis is
especially responsive to neurodegeneration affecting the hip-
pocampus. In fact, emerging evidence suggests that impaired
neurogenesis may represent an early event in the course
of various neurodegenerative disorders. From a functional
perspective, adult neurogenesis provides new cells which
are important for structural plasticity and network function.
Newborn neurons in the adult hippocampus and subventric-
ular zone participate in memory processing, mood regula-
tion, and olfaction, functions commonly impaired in subjects
suffering from Parkinson’s (PD) or Alzheimer’s disease (AD),
two of the most common neurodegenerative disorders in
humans. Disturbed regulation of new neuron production
may exacerbate network vulnerability and promote early
subtle disease manifestations. In this issue, M. Regensburg
et al. summarize and interpret existing data on adult neu-
rogenesis in patients with Parkinson’s disease and related
animal models. A fundamental process in PD and AD,
neuroinflammation, has been implicated in the progression
of both diseases. Microglial cells, the major orchestrator of
the brain inflammatory response, promote neuroprotective
or neurotoxic microenvironments, thus controlling neuro-
progenitor cell proliferation and neuronal fate. K. J. Doorn et
al. address whether earlymicroglial activationmay play a role
in the development of hippocampal pathology in Parkinson’s
disease and study the proliferative responses occurring in
the hippocampus of PD patients. Remarkably, they use
double-labeling techniques to show that the proliferation in
the PD hippocampus is largely due to microglial cells. A.
Sierra et al. explore the interplay between microglia and
neurogenesis and discuss both the beneficial and detrimental
roles of microglial cells on adult hippocampal neurogenesis
regulation, in the context of stress, aging and neurodegen-
eration, and particularly Alzheimer’s disease. Finally, M.
W. Marlatt et al. discuss cell proliferation observed in the
hippocampus ofADpatients and describe the close proximity
of dividing cells to amyloid plaques. Using novel triple
immunocytochemical protocols, they further demonstrate
that it is not astrocytes but rather the microglia cells, which
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appear to underlie the proliferative response in the AD
hippocampus.

This special issue includes 11 exciting articles covering
various aspects of adult neurogenesis, from its physiological
regulation to its relevance for the pathophysiology of various
brain disorders.We are convinced that this selection of papers
will help the readers gain a better understanding of the crucial
role of adult neurogenesis in both the healthy and diseased
brain.

Sjoukje D. Kuipers
Clive R. Bramham

Heather A. Cameron
Carlos P. Fitzsimons

Aniko Korosi
Paul J. Lucassen
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Microglia and astrocytes contribute to Alzheimer’s disease (AD) etiology and may mediate early neuroinflammatory responses.
Despite their possible role in disease progression and despite the fact that they can respond to amyloid deposition in model
systems, little is known about whether astro- or microglia can undergo proliferation in AD and whether this is related to the
clinical symptoms or to local neuropathological changes. Previously, proliferation was found to be increased in glia-rich regions of
the presenile hippocampus. Since their phenotype was unknown, we here used two novel triple-immunohistochemical protocols
to study proliferation in astro- or microglia in relation to amyloid pathology. We selected different age-matched cohorts to study
whether proliferative changes relate to clinical severity or to neuropathological changes. Proliferating cells were found across
the hippocampus but never in mature neurons or astrocytes. Almost all proliferating cells were colabeled with Iba1+, indicating
that particularly microglia contribute to proliferation in AD. Proliferating Iba1+ cells was specifically seen within the borders of
amyloid plaques, indicative of an active involvement in, or response to, plaque accumulation.Thus, consistent with animal studies,
proliferation in the AD hippocampus is due to microglia, occurs in close proximity of plaque pathology, and may contribute to the
neuroinflammation common in AD.

1. Introduction

Alzheimer’s disease (AD) is an age-associated chronic neu-
rodegenerative disease and the most common form of
dementia. Its two main pathological lesions are amyloid-𝛽
(A𝛽) plaques and neurofibrillary tangles (NFTs) that advance
through the brain in a hierarchical manner, with the hip-
pocampus being affected strongly, and early, in the disease [1–
3]. In addition to A𝛽 plaques and NFTs, neuroinflammation
and glial changes are prominent during AD [4, 5], and
epidemiological evidence, for example, indicates that anti-
inflammatory drugs may reduce the risk for AD [6, 7].

Neuroinflammation is prominent during AD [8–10] and
microglia have consistently been implicated in brain aging,
neuroinflammation, and neurodegeneration [11–13].Multiple
roles have been established for these immune cells during
health and disease [14–17]. Activated microglia are morpho-
logically identifiable by their expression of Iba1, an inducible
protein that regulates actin remodeling [18] and typically
have an amoeboid or rod-like morphology, as opposed to
minimally activated microglia cells, that have short, ramified
processes. Microglia are broadly implicated in AD [4, 8, 19]
and have, for example, been found to migrate to A𝛽 lesions
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2 Neural Plasticity

[20–23], degrade A𝛽 peptide in vitro [24, 25], and participate
in the clearance of A𝛽 from the brain [26].

Earlier work had established that microglia can also
respond to damage by undergoing proliferation. Indeed, cul-
tured microglia become activated by A𝛽; their proliferation
index increases and they release tumor necrosis factor 𝛼
(TNF𝛼) in response to A𝛽 [27]. Microgliosis also occurs in
AD models [28, 29] and microglial cells undergo prolifer-
ation in a transgenic AD mouse model, where markers for
proliferation were coexpressed parallel to the development
of neuropathological hallmarks, with proliferating microglia
seen in the periphery of A𝛽 plaques [30, 31].

Another common feature of AD is extensive astrogliosis.
Astrocytes have been classically known to change in AD and
show, for example, hypertrophy or changes in the expression
of specific GFAP isoforms, parallel to the development of
A𝛽 plaque pathology [31, 32]. Amyloid plaques can, for
example, show intense astrocytic participation [33–37]. Also,
activation and recruitment of microglia may occur in concert
with astrocytes;microglia secrete interleukin-1 (IL-1), amajor
cytokine, and potent activator of astrogliosis [38, 39]. While
astrocyte proliferation has been seen in response to, for
example, stab wounds [40], their role in the neuropathology
of AD remains elusive, and it is, for example, unknown if
astrocytes proliferate in AD or in response to A𝛽 lesions in
human brain.

We previously documented an increase in proliferation
in the hippocampus of presenile AD patients (≤70 years
of age) [41]. Interestingly, these increases were particularly
present in glia-rich regions and not in the main neuronal
layers, for example. Given this location and the roles of
microglia and astroglia in disease, we anticipated astro-
and/ormicrogliamight contribute to the proliferation seen in
the ADhippocampus. As the phenotype of these proliferating
cells and their relationship to A𝛽 plaques were unknown, we
therefore developed two triple-immunohistochemical stain-
ings to detect astrocyte or microglial proliferation in com-
bination with A𝛽 pathology. To further assess whether the
clinical or neuropathological aspects of dementia influence
proliferation, we here studied older age-matched individuals
that differed in cognitive and neuropathological staging: (1)
a control (Con) cohort without any clinical or neuropatho-
logical signs of dementia, (2) a cohort that had low levels of
AD pathology at autopsy (Braak stages 1-2) but was clinically
demented during their lives (Dem), and (3) a confirmed
Alzheimer cohort (AD) that was clinically demented and
exhibited severe neuropathology at autopsy (Braak stages 4-
5). As followup to our study on presenile cases, we here
asked (a) whether also elderly cohorts (>80 years) of AD or
demented subjects exhibit increases in proliferation, (b) if
astrocytes (GFAP+) or microglia (Iba1+) contribute to these
proliferative changes, and (c) if proliferation is anatomically
related to A𝛽 pathology or to clinical severity.

2. Materials and Methods

2.1. Subjects. Hippocampal brain tissue was obtained via
The Netherlands Brain Bank rapid autopsy program in
accordance with all local ethical legislation and in accordance

Table 1: Summarized patient data for the 3 cohorts of human brain
tissue.

Status ID Sex Age Brain
weight (g)

Braak
stage

ND 00-137 f 92 1031 1
ND 96-044 f 90 1101 2
ND 98-056 f 83 1000 1
ND 99-052 f 79 1325 2
ND 01-016 m 77 1138 1
ND 01-017 m 79 1334 1
ND 02-087 m 71 1190 1
ND 97-043 m 68 1547 2
Dementia 01-131 f 82 1094 1
Dementia 05-058 f 76 1055 2
Dementia 97-004 f 88 966 2
Dementia 97-047 f 91 1114 1
Dementia 01-075 m 72 1514 1
Dementia 04-022 m 84 1154 2
Dementia 05-004 m 91 1347 1
Dementia 94-090 m 86 1663 2
AD 01-010 f 84 1023 4
AD 03-090 f 87 929 5
AD 05-070 f 77 1178 5
AD 99-095 f 80 1200 6
AD 06-013 m 81 1253 4
AD 06-016 m 72 948 6
AD 93-034 m 78 1315 4
AD 94-121 m 85 1155 4
Hippocampal tissue was obtained from 8 nondemented controls (ND),
8 demented cases with low Braak scores that had suffered from clinical
dementia (Dem), and 8 clinically and neuropathologically confirmed senile
Alzheimer’s disease cases (AD); Braak staging (ND: Braak 1.4 ± 0.2, Dem: 1.5
± 0.2, and AD: 4.8 ± 0.3). Cases were matched for age (years) (ND: 80 ± 3,
Dem: 84 ± 2, AD: 81 ± 2), postmortem delay, fixation duration, and sex.

with the ethical standards laid down in the 1964 Declaration
of Helsinki. Signed informed consent was available for all
patients in the study. Generally after short postmortem
delays, hippocampal tissue was dissected and then fixed
in 10% buffered formalin for 1-2 months and dehydrated
before paraffin embedding. 8 𝜇m sections were mounted on
Superfrost Plus slides. Hippocampal tissue was selected from
8 age-matched, nondemented controls (Con), 8 clinically
demented (Dem) cases with low Braak scores, and 8 con-
firmed Alzheimer disease (AD) cases. Braak staging of the
three groups was, respectively, Con: 1.4 ± 0.2, Dem: 1.5 ± 0.2,
andAD: 4.8±0.3.Mean age (y) was, respectively, Con: 80±3 y,
Dem: 84 ± 2, and AD: 81 ± 2. Brain weight (g) was Con:
1208±65, Dem: 1238±87, and AD: 1125±50. No significant
differences in postmortem delay (between 5–7 hours) or
fixation duration (around 1 month in formalin) were present
and the groups were further balanced male : female in a 1 : 1
ratio (Table 1).
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2.2. Immunohistochemistry. Sections were deparaffinized in
xylene and rehydrated through graded ethanol solutions and
then washed in 0.05M PBS prior to antigen retrieval by
heating in a food steamer (MultiGourmet FS 20, Braun,
Kronberg/Taunus, Germany) for 60 minutes at 100∘C in
citrate buffer (pH = 6.0). Sections were cooled to room
temperature prior to incubation with 0.3% H

2
O
2
to quench

endogenous peroxidase activity. Primary antibodies were
diluted inDakoWashing Buffer (Dako S3006, Glostrup, Den-
mark) supplemented with 10% fetal calf serum and incubated
for 1 hr at room temperature (RT) and then overnight at 4∘C.

Triple immunostaining was performed through sequen-
tial development steps. First, anti-A𝛽 antibody (Ab) (1 : 2,000
MAB1561, clone 4G8, Millipore, Billerica, MA, USA) was
reacted with biotinylated sheep anti-mouse (1 : 500 Jack-
son ImmunoResearch, West Grove, PA, USA), followed by
incubation with avidin-peroxidase (Sigma, Germany) and
development with diaminobenzidine (DAB, Sigma, Ger-
many) substrate. After washing, sections were incubated with
antiproliferating cell nuclear antibody (PCNA) Ab (1 : 25,000
Dako M0879, Glostrup, Denmark) overnight, followed by
donkey anti-mouse alkaline phosphatase-conjugated Ab and
NBT/BCIP substrate to produce a blue stain. In order to
inactivate the binding properties of the first round of anti-
bodies and to retrieve additional GFAP and Iba1 epitopes,
sections were then treated with EDTA (10mM, pH = 9.0)
in TRIS buffer for 30 minutes followed by washing and final
incubation with rabbit polyclonal anti-GFAP (1 : 1,500 Dako
Z0334, Glostrup, Denmark) or anti-Iba1 Ab (1 : 1,500 kindly
provided by Dr. S. Kohsaka, National Institute of Neuro-
science, Tokyo, Japan). Subsequently, sectionswere incubated
with alkaline phosphatase-conjugated donkey anti-rabbit
(Jackson ImmunoResearch, USA) and developed with Fast
Red substrate to stain, in separate series, astrocytes and
microglia dark red.

All secondary antibodies were incubated for 1 hr at room
temperature.The anti-A𝛽 4G8 antibodywas found previously
to provide the most consistent staining of diffuse plaques in
formalin-fixed, paraffin embedded human tissue [42]. 4G8
Ab (recognizing amino acids 17–24 of A𝛽 peptide) recognizes
extracellular APP domains containing the A𝛽 epitope and
thus labels full length APP as well as A𝛽 plaques. PCNA
has been validated and used before extensively and the anti-
PCNA antibody identifies proliferating cell profiles in human
brain processed in a similar manner [43–54].

Glial fibrillary acidic protein (GFAP) is a classic mem-
ber of the intermediate filament protein family involved
in astrocyte cytoarchitecture and generally considered a
sensitive marker of reactive astrogliosis in the CNS [55, 56].
The pan-GFAP antibody we have used identifies a 50 kDa
intracytoplasmic fibrillary acidic protein that is constitutively
and specifically expressed in the cytoskeleton of all astrocytes,
including differentially spliced isoforms [56]. Activation of
astrocytes, that is, reactive gliosis, is generally reflected by
increased expression of GFAP per cell and an upregulation
of the intermediate filament network, often paralleled by
morphological changes.

For the detection of microglia, several markers, like Iba1
and CD68 antibodies [57], are available that identify specific

activational stages and/or types of microglia [58, 59]. We
here selected the Iba1 antibody, a 17 kDa ionizing calcium-
binding adaptor molecule that is specifically expressed in all
macrophages and microglia and is upregulated during their
activation in human brain. Iba1 has further been validated
before and shown to identify general activation of microglia
[60] in various CNS disorders [58] like Creutzfeldt-Jakob
disease [61], brain tumor [62], and influenza encephalitis
[63, 64].

2.3. Morphometry and Quantification. Cross-sectional areas
for the dentate gyrus and CA subregions were determined
using StereoInvestigator software (MicroBrightField Inc.,
USA) linked to a Zeiss Axiophot microscope (Carl Zeiss
AG, Germany) to outline the appropriate hippocampal sub-
regions. All phenotypic quantification was performed in
midlevel sections of the hippocampus. Cell count values
were normalized to the surface area of each anatomical
subregion and expressed per mm2. Quantification of PCNA+
and Iba1+ cells was obtained from the PCNA/Iba1/A𝛽 stained
slides, while quantification of GFAP+ cells was obtained from
the PCNA/GFAP/A𝛽 triple stained sections. Values for cell
numbers are expressed as averages± SE and values for plaques
are expressed as plaques per mm2.

3. Results

3.1. Proliferation Occurs across Disease Cohorts and Hip-
pocampal Subregions. We first studied GFAP+ and PCNA+
cells across cohorts to evaluate any association between
the two protein markers. We found PCNA+ cells at a low
density throughout themain subregions of the hippocampus,
including the granule cell layer (GCL) and subgranular zone
(SGZ) of the dentate gyrus (DG) (Figures 1(a) and 1(b)),
areas populated with granule neurons and neural stem cells,
respectively. PCNA was never seen within GFAP+ astrocytes
or in granule neurons labeled by 4G8 immunoreactivity with
membrane-bound APP. PCNA+ cells were however seen
adjacent to GFAP+ cells in the hilus and cornus ammonis
(CA) regions of the hippocampus. These cells were typically
small and did not displaymembrane-boundAPP as observed
in adjacent granule and pyramidal neurons. Hypertrophic
GFAP+ astrocytes that were seen to infiltrate A𝛽 plaques
were not colabeledwith PCNA in any hippocampal subregion
(Figures 1(c) and 1(d)). Regardless of astrocyte morphology,
location, or plaque association,GFAP+ cellswere never found
to be colabeled with PCNA.

Within the CA regions, PCNA+ cells were also found in
astrocyte-rich regions that lacked A𝛽 pathology (Figure 1(f)),
and, consistent with our previous findings, they were also
present in the vascular epithelium (Figures 1(g) and 1(h)).
The population of PCNA+ cells was not significantly elevated
in the current, older AD cohort. In contrast, the DEM
cohort showed a trend for high proliferation compared to
the other groups (Figure 1(j)). Quantification of PCNA+ cells
showed a clear increase in proliferation; however, this was
not significant: Con: 3 ± 1 cells, Dem: 18 ± 5 cells, and AD:
12 ± 3 cells within the CA1/2 subregion (one-way ANOVA
𝑃 = 0.07).



4 Neural Plasticity

(a) (b) (c)

(d) (e) (f)

(g) (h)
500

400

300

200

100

Con
Dem

AD

GFAP+cell density

0

CA1/2 CA3 Hilus DG/SGZ

C
ell

s/
m

m
2

∗

(i)

10

8

6

4

2

PCNA+cell density

0

CA1/2 CA3 Hilus DG/SGZ

Con
Dem

AD

C
ell

s/
m

m
2

(j)

Figure 1: GFAP and PCNA expression in the human hippocampus (a, b) Immunolabeled GFAP+ (red) and PCNA+ (blue) cells did not
colocalize in the SGZ or other areas of the hippocampus. (c-d) PCNA+ cells (arrows) were observed in the presence of hypertrophic astrocytes
with processes infiltrating A𝛽 plaques (black). (e) A low-magnification image representative of GFAP andA𝛽 plaques distributed through out
the CA areas, with heavy immunostaining in the stratum moleculare and stratum lacunosum. (f) PCNA+ cells were also found in glia-rich
regions in the absence of A𝛽 plaques and in blood vessels (g, h) outlined by astrocytic endfeet. (i) GFAP+ cells were found at higher density
in the CA1/2 region in the AD versus control subjects (one-way ANOVA 𝑃 < 0.001). (j) PCNA+ cell density was not significantly different
between patient cohorts. Scale bars: left panels (a, c, g) = 50𝜇m, panel (e) = 500𝜇m. Right panels (b, d, h) = 20 𝜇m, panel (f) = 50𝜇m.
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GFAP+ astrocytes showed a characteristic, spider-like
cellular morphology. They were seen in close proximity to
neurons and blood vessels with endfeet clearly visible that
contacted blood vessel walls. In the CA regions and subicu-
lum, hypertrophic astrocytes were observed with processes
infiltrating diffuse, primitive, and dense-core A𝛽 plaques
(Figures 1(c) and 1(d)). These cells, when compared to
astrocytes not associated with plaques, frequently showed
upregulation of the intermediate filament network, a sign of
reactive gliosis, although not all astrocytes close to plaques
(within 50𝜇m) showed this hypertrophicmorphology. GFAP
expression was enriched in the stratum moleculare and
stratum lacunosum of the AD hippocampus, where astro-
cytes were found preferentially with A𝛽 plaques (Figure 1(e)).
A significantly increased population of GFAP+ cells was
observed in the CA1/2 area in the AD patient cohort com-
pared to controls (Figure 1(i)) (one-way ANOVA 𝑃 = 0.02).

Plaque values were low across the Braak 1 stage cases,
the control cohort, and dementia cohort. Morphologically,
the plaque pathology in the AD cohort was distinct from the
control and dementia sections; AD cases had a significant
increase in dense-core (one-way ANOVA 𝑃 < 0.01) and
GFAP-associated, that is, degraded plaque subtypes (one-
way ANOVA 𝑃 < 0.001). For the dense-core plaques,
averaged numbers were as follows: control: 0.25+/−0.2,
dementia: 0.25+/−0.2, and AD: 2.37+/−0.8. For the degraded
plaques, these numbers were control: 0.37+/−0.2, demen-
tia: 1.37+/−1.1, and AD: 7.25+/−1.89. The population of A𝛽
plaques with invasive hypertrophic GFAP+ astrocytes was
increased in the AD population (one-way ANOVA 𝑃 <
0.001). However, we could not observe any indication that
mature astrocytes underwent proliferation in the presence of
A𝛽 plaques.

3.2. Microglia Proliferate in All Hippocampal Subregions but
Their Morphology Is Unchanged across Conditions. Since
GFAP+ astrocytes were not colabeled with PCNA, we next
used combined Iba1-PCNA double immunocytochemistry
to test whether proliferation did occur in microglial cells.
Iba1+ microglia had a ramified morphology with observable
processes but there were neither morphological alterations
nor quantitative changes in Iba1 expression across the 3
cohorts (one-way ANOVA 𝑃 = 0.43) (Figures 2(a)–
2(d)). Furthermore, local expression of Iba1 per se was not
associated with areas enriched for GFAP expression or A𝛽
deposits, like the stratummoleculare and stratum lacunosum
(Figure 2(e)).

Microglia within the hippocampal CA subregions are
colabeled with PCNA+ (Figure 2(f)), while Iba1+/PCNA+
coexpression was also seen in the DG and SGZ (Figures 2(g)
and 2(h)). We closely inspected mature pyramidal neurons
for evidence of PCNA expression but never observed neurons
colabeled with PCNA, although clear examples of prolifer-
ating and nonproliferating microglia were found adjacent
to mature pyramidal neurons (Figures 2(i) and 2(j)). Tissue
sections from a herpes simplex virus (HSV) encephalitis
brain sample were included as positive controls (Figures 2(k)
and 2(l)) since HSV encephalitis is observed as an acute
focal, necrotizing inflammation, and infection of neurons is

thought to occur after infection of vascular endothelium [65].
In agreement, numerous PCNA+/Iba1+ cells were found in
blood vessels in these cases. The Iba1+ cells in these positive
control samples had an amoeboid morphology, unlike and
clearly different from the ramified cells found in our aged
patient cohort, indicating active clearance of cellular debris.
Average numbers of Iba1+ cells per group were as follows:
control: 116.54+/−18.1, dementia: 158.43+/−26.0, and AD:
170.79+/−42.2.

3.3. A𝛽 Plaque Load, Morphology, and Degradation. Similar
to earlier studies, the 4G8 antibody labeled diffuse, primitive,
dense-core, and remnant A𝛽 plaque profiles [33]. Remnant
plaques showed intense astrocytic participation with ragged
edges indicative of degradation. The control and dementia
groups had a similar degree of A𝛽 staining in the hippocam-
pus; A𝛽 plaques in control and dementia cases were mainly
confined to the subiculum and parahippocampal gyrus. As
expected based on the Braak scores, total A𝛽 plaque load was
significantly increased in the hippocampus of the AD cases
compared to the control and dementia groups (average of
3 plaques in the AD versus 0.10/mm2 in Con group) (one-
way ANOVA 𝑃 < 0.001) (Figure 3(g)). Morphologically, the
plaque pathology in the AD cohort was distinct from the
control and dementia sections; AD cases had a significant
increase in dense-core (one-way ANOVA 𝑃 < 0.01) and
GFAP-associated, that is, degraded plaque subtypes (one-way
ANOVA 𝑃 < 0.001).

Interestingly, Iba1+ cells often formed a concentric
ring around A𝛽 dense-cored plaques and were generally
found in close association to plaques (Figures 3(a)–3(d)).
Iba1+/PCNA+ double-labeled cells were visible within the
borders of A𝛽 plaques (Figure 3(b)). Also, PCNA+ single-
labeled cells were found associated with degraded plaques,
often within 200𝜇m of all plaque subtypes (Figures 3(e)
and 3(f)). The majority of plaques, however, did not show
evidence of proliferating PCNA+/Iba1+ microglia.

Despite this evidence that microglia proliferate directly at
sites of A𝛽 deposition and in proximity to plaque-laden areas,
there was no quantitative increase in the overall Iba1+ cell
numbers in the AD compared to the DEM and CON cohorts.
Similarly, no statistically significant increases were found in
the number of Iba1+ cells that colocalized with A𝛽 plaques in
AD compared to the control and dementia cohorts (one-way
ANOVA 𝑃 = 0.49).

After the surface areas of the hippocampal subregions
were measured, no significant differences were observed
across subregions; however, surface areas of the CA1/2 subre-
gion were somewhat smaller, but not significantly, in the AD
cohort (one-way ANOVA 𝑃 = 0.14, Figure 3(h)).

4. Discussion

We investigated proliferation in the human hippocampus
of control subjects, of clinically demented cases with low
Braak scores, and in clinically as well as neuropathologically
confirmed AD patients. We focused on PCNA+ proliferating
cells, their colocalization with astro- or microglia, and their
location relative to A𝛽 plaque pathology and questioned
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Figure 2: Iba1 morphology and proliferation in human hippocampus. (a–c) Representative images for Con, Dem, and AD subjects,
respectively, illustrating a similar morphology of Iba1+ (red) cells. (d) Quantitative analysis of Iba+ cell density showed no significant
difference between cohorts. Ramified Iba1+ cells throughout the hippocampus coexpress PCNA (arrowheads): (e) representative A𝛽 and
Iba1 distribution, (f) ramified and proliferating Iba1+ cells in the CA3 in the absence of A𝛽 plaques, (g-h) in the GCL across patient cohorts,
and (i-j) near pyramidal neurons expressing APP (black). (k-l) Positive control section from a brain infected with herpes simplex virus
encephalitis (HSVE). Infected vessels show activated Iba1+ microglia and coexpression of PCNA (arrowheads). Scale bars (a–c) = 100𝜇m,
(e) = 500 𝜇m, (f) = 50 𝜇m, (g–j) = 20𝜇m, (k) = 50 𝜇m, and (l) = 20 𝜇m.
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Figure 3: Glia are tightly associated with A𝛽 plaque morphology. The same chromogen Fast Red substrate was used to visualize either
microglia (a–d) or astrocytes (e–h) in these images; (a–d) Iba1+ cells infiltrate A𝛽 plaques and appear involved in the formation of dense-core
plaques: (b) proliferating Iba1+ cells (arrowhead) are seen within primitive plaques, (c) a dense-core plaque with concentric Iba1+ cells, and
(d) amature dense-core plaque without concentric Iba1+ cells. (e-f) GFAP+ astrocytes participate in degradation of multiple plaque subtypes;
proliferating cells (arrowheads) within the borders of plaques degraded by GFAP+ astrocytes. Scale bars (a–f) = 50 𝜇m. (g) Plaque load was
significantly increased in the AD cohort compared to Con and Dem cohorts (one-way ANOVA 𝑃 < 0.001). (h) Hippocampal cross-sectional
areas were not significantly different.

whether cognitive status or the neuropathology modulated
these readouts. Proliferating cells were found throughout
the hippocampal subregions, including the CA areas and
astrocyte-rich regions. In contrast to younger, presenile cases
we had studied before [41], proliferation in the present
older cohorts, demented or AD, was not different from age-
matched controls. PCNA+ profiles were never observed in
mature neurons or GFAP+ astrocytes, indicating that these

cell types do not proliferate or reenter the cell cycle during
dementia or AD. Iba1+ microglia, however, did coexpress
PCNA across cohorts. These cells were specifically present
within the borders of A𝛽 plaques, indicating that microglia
proliferate actively and directly at the site of A𝛽 deposi-
tion. Although amyloid pathology is much more complex
than plaques alone [66], our observations agree with pre-
vious findings on proliferation in glia and on microglial
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participation in the formation and maintenance of A𝛽
plaques in AD [21–23, 52].

In contrast to our previous study on younger AD patients
(mean age 66 years) [41], we here studied 3 older cohorts
with mean ages of 81 years and found no differences in
proliferation between the groups, indicating that brain plas-
ticity is further reduced in subjects this old. Also, we show
that particularly the microglia and not astroglia cells are
responsible for the proliferation in the hippocampus in these
conditions. In our current study, although only a trend was
present, proliferation was highest in CA1/2, CA3 and DG
of the dementia cohort relative to both the controls and
AD cases. This suggests that if proliferation of microglia
cells impacts cognition, this apparently occurs independent
of the Braak staging that was very low in the Dem group.
The morphology of the microglial cells further indicated
that these cells, whether or not they colabeled for PCNA,
were minimally activated, particularly when compared to
the morphology of microglia in Parkinson’s disease patients
[57, 67, 68] or to the hyper-ramified and rod-like Iba1+
morphologies observed, for example, in pediatric epilepsy
[69]. Our present Iba1 stainings highlight that microglia do
not showdramatic changes in quantity ormorphology during
AD, particularly when compared to other severe neurological
disorders, but that a subset expresses proliferation markers.

Whereas, in general, aged microglia do not show major
morphological changes, there is evidence that these cells,
in functional terms, are highly proinflammatory. Ex vivo
microglia cultures isolated from aged mice, for example,
show elevated production of the proinflammatory molecules
Il-6 and TNF-𝛼, while microglia from old animals have a
decreased ability to internalize A𝛽 compared to cells isolated
from young animals [70]. Microglial and astroglial responses
may further be coordinated in a concerted manner that
increases neuroinflammation [5]. For instance, increased
levels of glia maturation factor (GMF) were reported in the
periphery of A𝛽 plaques [71]. Interestingly, GMF expressed
in astrocytes enhances production of TNF-𝛼, Il-1𝛽, Il-6, and
IP-10 by microglia [72]. Hence, a combination of primary
astrocytic and microglial responses may occur during plaque
deposition. As each cell type likely responds differentially
to the development and presence of A𝛽 plaques, microglial
proliferation and astrocytic activation may be complemen-
tary processes that could enhance local inflammation at A𝛽
plaque sites. Activation of astrocytes is generally reflected
by increased expression of GFAP per cell or proteasome
activation [17, 31] and hardly ever by proliferation. It will be
of interest to address the relationship between and conse-
quences of these two events in future studies.

While proliferating microglia are seen in the hippocam-
pus, the source of these cells remains to be determined. CNS
microglia are unique because two populations exist, that is,
resident cells present since early development and infiltrating
microglia that pass the blood-brain barrier (BBB). Iba1 iden-
tifies both types of microglia in the brain regardless of their
source. Determining the kinetics of microglial infiltration
during a chronic disease like AD is challenging, but so far
resident microglia were shown to incorporate the thymidine

analog BrdU+ in AD mice [30] and during the early stages
of experimental autoimmune encephalitis [49]. Resident cell
self-renewal, but not infiltration, was found to be responsible
for local microglia expansion in an earlier study [73]. In
AD, circulating cells may be involved as well; in vitro studies
have shown that the recruitment of monocytes across the
BBB is increased after an interaction of the A𝛽 peptide with
RAGE receptor [74]. In AD mouse models, bone marrow-
derived microglia can drastically reduce plaque burden [75].
Hence, the source and role of each specific population, that
is, resident versus infiltrating, is challenging to study in end-
stage human brain tissue and thus remains to be determined
during different stages of AD and in AD mouse models.

Another relevant issue in this respect is the turnover of
the microglia population. Although limited information is
available on their precise kinetics, glial cells exhibit remark-
able homeostasis and strive to maintain a constant density
in response to internal or external perturbations. In a recent
paper by Elmore et al. [76], selective but global depletion
of the microglia population understanding how this process
of cellular maintenance is regulated and identifying the
progenitors responsible for replenishing distinct classes of
glia could lead to new strategies for speeding recovery from
injury.

Our results on proliferation in brain microvessels are in
agreement with earlier studies in which proliferating cells
were found associated with the vasculature [41, 77]. These
cells may represent perivascular macrophages or mono-
cytes becoming perivascularmacrophages [77]. Alternatively,
PCNA+ expression associated with the vasculature may
correspond to damage to blood vessels. Stroke-associated
conditions and oxidative endothelial injury can induce PCNA
expression in vascular smooth muscle cells isolated from
brain arterioles [78, 79]. From the records of our patients,
however, there are no indications that this has played a
significant role.

After careful study, PCNA+ profiles were never present in
mature hippocampal neurons. Earlier studies using various
cell cycle markers on human AD or Lewy body dementia
tissues suggested that a subset of pyramidal neurons in the
affected human hippocampus may reenter the cell cycle dur-
ing early stages [54, 80–82]. Other cell-cycle makers, includ-
ing Ki-67, cyclin B1, cyclin D, and cdk4, have been observed
in mature neurons during prodromal stages of AD [80–84].
These neurons were often also immunoreactive for intra-
neuronal accumulations of paired helical filament tau [84].
Also, expression of PCNA in mature hippocampal neurons
has been seen during a neuronal death cascade [81–83, 85]
while other reports showing increased neuronal aneuploidy
further suggest that cell cycle protein expression occurs
mainly during early AD [52, 54, 81, 82, 85]. Our study does
not conflict with this literature as we first included mainly
old, end-stage cases. Second, our triple-staining protocol was
specifically developed to identify proliferation in glia and
a number of methodological differences exist between our
protocol and those identifying neuronal cell cycle reentry.
We employed a unique antigen retrieval technique with a low
concentration of PCNA antibody to create a sensitivemethod
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for detecting proliferating glia and perivascularmacrophages,
consistent with previous neuropathological studies [86].

Our study further agrees with recent findings from the
APPswePS1dE9 AD mouse model. It has been established
that CD11b microglia cell clusters were observed as early as 4
months of age [87]. Other studies established that particularly
the microglia cells proliferate around A𝛽 plaques, without
astrocyte proliferation in these animals; indeed, age-related
increases in proliferation in this mouse model were due
to increases in newborn BrdU+ cells coexpressing markers
for activated microglia [30]. Despite its limitations, post-
mortem histological investigation of human brain remains
important, particularly since modeling the participation of
glia to neurodegenerative diseases in transgenic mice has
so far provided conflicting results. For instance, microglia
played almost no role in the formation and maintenance of
A𝛽 plaques in transgenic mice that lacked microglia [88]
whereas others have shown microglial engagement in dense-
cored plaques [89] with the capacity to reduce plaque burden
[75, 90–92]. However, transgenic mice seldom recapitulate
the regional variability of A𝛽 plaques seen in human AD,
suggesting that inbred mouse models are not always optimal
for studying the complex in situ microglial responses in
human brain [93].

In conclusion, we demonstrate that proliferation in the
human hippocampus is due to microglia and not to that of
astroglia or mature neurons.These results are consistent with
recent observations in ADmouse models. Although our data
do not exclude that stimulation of microglia can also occur
through additional mechanisms, they further suggest that
microglial proliferation is not influenced by cognitive decline
but occurs in close association with, and possibly in response
to, local A𝛽 plaque pathology.
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Besides dopamine-deficiency related motor symptoms, nonmotor symptoms, including cognitive changes occur in Parkinson’s
disease (PD) patients, that may relate to accumulation of 𝛼-synuclein in the hippocampus (HC). This brain region also contains
stem cells that can proliferate. This is a well-regulated process that can, for example, be altered by neurodegenerative conditions.
In contrast to proliferation in the substantia nigra and subventricular zone, little is known about the HC in PD. In addition,
glial cells contribute to neurodegenerative processes and may proliferate in response to PD pathology. In the present study, we
questioned whether microglial cells proliferate in the HC of established PD patients versus control subjects or incidental Lewy
body disease (iLBD) cases as a prodromal state of PD. To this end, proliferationwas assessed using the immunocytochemicalmarker
minichromosome maintenance protein 2 (MCM2). Colocalization with Iba1 was performed to determine microglial proliferation.
MCM2-positive cells were present in the HC of controls and were significantly increased in the presymptomatic iLBD cases, but not
in established PD patients. Microglia represented the majority of the proliferating cells in the HC.This suggests an early microglial
response to developing PD pathology in the HC and further indicates that neuroinflammatory processes play an important role in
the development of PD pathology.

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder affecting 1-2% of the elderly population [1]. In
addition to the well-known motor problems of PD patients,
that are related to nigrostriatal dopamine deficits, also non-
motor symptoms are common. These symptoms strongly
affect quality of life of PD patients as they include autonomic
dysfunction, sleep problems, cognitive and neuropsychiatric
changes [2–5], all changes unrelated to degeneration of the
substantia nigra (SN). Apart from dopaminergic cell loss, the
deposition of 𝛼-synuclein is a prominent neuropathological
hallmark of PD. According to the staging concept described
by Braak, 𝛼-synuclein deposition spreads over the brain in
an anatomically predictable manner [6]. This coincides with
the occurrence of nonmotor symptoms and can be observed

already in early stages of PD, that is, in incidental Lewy
body disease (iLBD) [7]. Moreover, 𝛼-synuclein can activate
microglial cells, andneuroinflammatory responses are indeed
important pathological features of PD [8–10].

Accumulation of 𝛼-synuclein has been reported in the
hippocampus (HC), which may contribute to the cognitive
and depressive changes that represent prominent nonmotor
symptoms in PD [11, 12] (Figure 1). Of interest, the HC is
also one of the few brain regions where stem cells reside.
In the hippocampal subgranular zone (SGZ), stem cells
undergo proliferation before theymigrate through the granu-
lar cell layer (GCL), where they eventually become newborn,
functional neurons that contribute to network function. In
addition to this unique process of adult neurogenesis, which
is largely confined to the DG, stem cells in the HC can
proliferate and respond to neurodegenerative conditions.
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Figure 1: 𝛼-Synuclein pathology present in the hippocampus of PD cases. (a-b) 𝛼-Synuclein immunoreactivity (IR) in CA of control and
iLBD subjects is absent compared to (c) 𝛼-synuclein IR (LBs: arrow, LNs: arrowhead) in the CA region of PD patients; bar (a–c) = 100 𝜇m;
higher magnification (c) bar = 20 𝜇m.

For instance, overexpression of 𝛼-synuclein in PD models
induces aberrant differentiation of neural progenitors and
alters cellular plasticity in the hippocampus [13–15]. Also
striatal deafferentiation, or the loss of dopaminergic neurons,
affects both neurogenesis [16] and proliferation in the HC
[17]. In addition, several Parkinson-related pathogens induce
degeneration of human neural stem cells (NSCs) [18] or
reduce neurogenesis [19]. Stimulation of cellular plasticity on
the other hand, for example through exercise, antidepressant
treatment or high frequency stimulation, reverses impair-
ments in neurogenesis in PD models [20] and may even
benefit PD patients [21, 22].

The discovery that the human brain contains stem cells
has instigated extensive research into their proliferative
responses during neurodegeneration and into their potential
for brain repair. In related animal models for Alzheimer’s
disease (AD), changes in cellular plasticity and proliferation
appear to depend on the extent of pathology and the severity
of the disorder [23]. Regarding PD, stem cells and related
cellular plasticity markers are also altered in relevant animal
models [24–26], but only few studies exist on proliferative
changes in human PD brain [26], most of which have focused
on the SN [27, 28] and subventricular zone (SVZ) [29, 30].
In the human SN and SVZ, discrepant results have been
obtained between different studies, and this topic remains
subject of debate [26, 29, 31–34].

Thus far, little attention has been paid to cellular prolif-
erative changes in the human HC, a brain region relevant
for nonmotor symptoms in PD, like cognitive and depressive
changes. Moreover, besides proliferation of NSCs, glial cells
within the CNS may also proliferate in response to neu-
ropathological changes. Indeed, in the AD hippocampus or
in experimental multiple sclerosis, for example, proliferation
of CNS resident microglia has been observed [35, 36]. Here,
we first studied proliferative changes in prodromal and
established cases of PD and, given the differential𝛼-synuclein
deposition, we include both the CA (nonneurogenic) and the
DG (neurogenic) subregions. As activatedmicroglial cells are
present in the HC in PD and implicated in PD pathogenesis
[9, 37], we also questionedwhethermicroglial cells proliferate
in these conditions. We selected hippocampal tissue of well-
established and neuropathologically confirmed PD patients
(Braak PD stages 4–6), matched control subjects (Braak PD
stage 0), and incidental Lewy body disease (iLBD) cases
(Braak PD stages 1–3) (Figure 1). As these latter cases lacked
clinical symptoms of PD during their lives and did not receive
dopaminergic medication, but displayed a neuropathological
Braak 𝛼-synuclein deposition at autopsy [7], they can be
considered a presymptomatic and prodromal state of PD. To
assess cell proliferation, we used the well validated marker
minichromosome maintenance protein 2 (MCM2) [38, 39]
and colabeled it with themicroglial marker Iba1 to investigate
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to what extent cell proliferation in the HC is accounted for by
microglia.

2. Material and Methods

2.1. Postmortem Brain Tissue. Human postmortem hip-
pocampal tissue was obtained from the Netherlands Brain
Bank (NBB, Amsterdam, The Netherlands). In compliance
with all local ethical and legal guidelines, informed consent
for brain autopsy and the use of brain tissue and clinical
information for scientific research was given by either the
donor or the next of kin. Fourteen clinically diagnosed and
neuropathologically verified PD patients (Braak PD stages
4–6) were selected as well as six clinically healthy controls
without neurological or psychiatric disease, that displayed
some PD 𝛼-synuclein pathology at autopsy (Braak PD stages
1–3) and were classified as iLBD cases. For the control group,
nine healthy subjects without neurological or psychiatric
disease and without any 𝛼-synuclein pathology (Braak PD
stage 0) were included. The three groups were matched for
gender and age; age of the control subjects ranged from
62 to 92 years, in the iLBD cases from 56 to 91, and in
the PD patients from 59 to 96. All subjects were matched
for postmortem delay and cerebrospinal fluid pH value.
Donors who died of sepsis or stroke were excluded. Also
Braak neurofibrillary tangles (NFT) and amyloid-beta (A𝛽)
plaques scores were matched between control subjects, iLBD
cases, and PD patients, ruling out any possible difference
in proliferation due to differences in AD pathology. The
clinicopathological data of the patients and the Braak staging
for PD and AD of all donors is summarized in Table 1.

Braak scores for AD and PD neuropathology were
provided by the NBB and had been obtained after careful
neuropathological evaluation of disease-relevant brain areas
by experienced neuropathologists. The density and distri-
bution of LBs/LNs, NFT, and A𝛽 plaques were determined
using classic Bodian staining and immunohistochemistry
for 𝛼-synuclein (Clone KM51, Novacastra, Bioconnect BV)
and hyperphosphorylated tau (Clone AT8, Pierce, Rockford,
IL) and A𝛽 (Clone 6F/3D, DAKO, DakoCytomation BV),
respectively.

2.2. Tissue Processing. At autopsy, brain regions were dis-
sected and immersion-fixed in 4% formaldehyde for four
weeks, after which they were embedded in paraffin. From the
paraffin blocks that contained the HC, 10-micrometer (𝜇m)
sections were cut on a microtome, mounted, and dried in a
stove overnight at 37∘C before immunohistochemical analy-
sis. Sections were mounted on positively charged glass slides
(Menzel-Glaser SuperFrost Plus, Braunschweig, Germany).

2.3. Validation of MCM2 as Proliferation Marker in Human
Brain Tissue. Various markers are available to identify cell
proliferation or specific phases of the cell cycle in human
postmortem brain tissue [39–42]. Of these, the minichro-
mosome maintenance protein 2 (MCM2) is involved in the
control of DNA replication and commonly used in cancer
research as a reliable marker for detecting dividing and

slowly cycling putative stem cells in situ [38, 43, 44]. MCM2
expression starts in early G1 and is maintained throughout
the cell cycle, also in cells that proliferate without actually
synthesizing DNA, and is thus present in higher numbers
than, for example, the short-lived proliferation marker Ki-
67 [38, 45, 46]. Moreover, the majority of the cells that
express MCM2 coexpress the immature neuronal marker
doublecortin [42] and MCM2 was therefore also used to
study cellular plasticity in comparable tissues. Various tests
to validate and confirm specificity of MCM2 and related
markers have been performed by us and others before [38, 46,
47], for example, on samples of young rat brain and human
colon, that were processed and embedded in the exact same
way as the human brain tissue used in the current study
[39, 41].

2.4. MCM2 Immunohistochemistry. Sections were heated in
a stove for one hour at 56∘C, before they were deparaffinized
in xylene and rehydrated through a graded series of ethanol
(100%, 96%, 90%, and 70%, resp.) and TBS. For subsequent
antigen retrieval, sections were rinsed in 10mM Tris buffer
(pH9.0) containing 1mMEDTA (Tris-EDTA) and afterwards
placed in preheated Tris-EDTA buffer in a steamer at 90–
99∘C for 30 minutes. After pretreatment, the sections were
allowed to regain room temperature (RT), rinsed in Tris-
buffered saline (TBS, pH 7.6), and incubated for 20min
in TBS containing 0.3% H

2
O
2
and 0.1% sodium azide to

block endogenous peroxidase activity. Nonspecific binding
was blocked with 5% nonfat dried milk in TBS containing
0.5% Triton (TBS-T, pH 7.6; blocking solution) for 30min
at RT. Subsequently, sections were incubated overnight at
4∘C with mouse anti-MCM2 (BM28, BD Transduction Lab
610700, mouse 1:600). Sections were then washed in TBS
and incubated for 2 hr at RT in biotinylated goat anti-
mouse IgGs (1:400; Jackson ImmunoResearch Laboratories
Inc., West Grove, PA, USA) followed by HRP-labeled avidin-
biotin complex (ABC complex, 1:400; Vector Laboratories,
Burlingame, CA, USA) in TBS-T for 1 hr at RT. MCM2
staining was visualized using 3,3-diaminobenzidine (DAB,
Sigma, St. Louis, USA) and counterstained with hematoxylin.
After dehydration in graded ethanol solutions, sections were
cleared in xylene and coverslipped in Entellan (Merck).

2.5. Immunofluorescence. For double-immunofluorescent
labeling of microglial cells and MCM2 expression, Iba1
(WAKO chemicals, 019-19741, rabbit, 1:300) and MCM2
(1:1000) were used. Sections were pretreated with Tris-EDTA
(pH 9.0) and primary antibodies were diluted in the blocking
solution, as indicated above. After an overnight incubation
at 4∘C, the sections were washed and subsequently incubated
for 2 h at RT with donkey anti-rabbit Alexa Fluor 488 labeled
donkey anti-rabbit IgGs (Iba1) and biotinylated goat anti-
mouse IgGs (MCM2) (1:400, Jackson ImmunoResearch,West
Grove, PA, USA), followed by ABC complex (1:800) for 1 h
and biotinylated tyramide enhancement in TBS for 20min.
Hereafter, sections were incubated with Alexa Fluor 594
labeled streptavidin (1:800, Jackson ImmunoResearch, West
Grove, PA, USA). After washing, sections were coverslipped
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Table 1: Clinical and neuropathological information of all included subjects.

C. number Sex Age PMD (hrs.) Braak staging D Region Cause of death
AD (NFT/A𝛽) PD (𝛼-syn.)

1 F 92 7:00 1A 0 NDC HC Acute death, pulmonary emboli
2 M 88 4:23 2A 0 NDC HC Gastrointestinal bleeding
3 F 84 6:55 1O 0 NDC HC Myelodysplasia
4 M 82 5:10 1O 0 NDC HC Unknown
5 M 62 7:20 1O 0 NDC HC Unknown
6 F 83 3:20 1B 0 NDC HC Legal Euthanasia
7 F 84 4:45 1O 0 NDC HC Heart failure
8 F 85 5:19 2B 0 NDC HC Natural death, pulmonary disease
9 M 78 <17:00 1O 0 NDC HC Heart failure
10 F 82 5:10 2O 2 iLBD HC Heart failure
11 M 86 4:00 2B 1 iLBD HC Respiratory insufficiency
12 M 56 5:00 0 (—) 2 iLBD HC Pneumonia
13 F 91 4:50 (—) 1 iLBD HC Exhaustion, colon carcinoma
14 M 84 7:20 1B 3 iLBD HC Prostate cancer
15 M 87 10:20 1A 1 iLBD HC Pneumonia, heart failure
16 M 83 4:50 1A 4 PDD HC Heart failure
17 F 59 9:35 1A 4 PD HC Shock due to blood loss in digestive tract
18 F 90 4:50 1B 4 PDD HC Unknown
19 F 70 7:05 2B 6 PDD HC Haematemesis by oesophagitis
20 M 84 9:00 1A 5 PDD HC Pneumonia and dehydration
21 F 87 5:25 2B 6 PDD HC Pneumonia
22 M 73 5:35 1A 5 PDD HC Direct cause unknown (morphine)
23 M 83 5:15 1B 6 PDD HC Pneumonia
24 F 84 7:25 2B 5 PD HC Old age, shortness of breath
25 F 96 7:10 1B 5 PD HC Old age
26 M 86 5:10 2B 5 PD HC Heart failure
27 M 71 5:50 1A 6 PD HC Respiratory failure
28 F 83 6:05 1O 4 PDD HC Cachexia by dementia, infarction
29 M 83 6:35 1B 6 PDD HC Pneumonia
D: clinical diagnosis; PMD: postmortem delay; NFT: neurofibrillary tangles; A𝛽: amyloid-beta; 𝛼-syn: alpha-synuclein; NDC: nondemented control subject;
iLBD: incidental Lewy Body disease; PD: Parkinson’s disease; PDD: Parkinson’s disease with dementia; HC: hippocampus.

with Vectashield and examined using a confocal microscope
(Leica TSC-SP2-AOBS; Leica Microsystems, Wetzlar,
Germany).

2.6. Semiquantitative Analyses of MCM2-Positive Cells. For
standardization purposes, hippocampal sections were col-
lected only around the anterior to midlevel of the HC
of every subject and only when large dentate gyrus (DG)
and Cornu Ammonis (CA) subregions were both present.
Furthermore, MCM2-positive cells were included in the sub-
sequent analysis onlywhen they displayed a clearly immature,
mitotic, and/or migratory morphology, and were located
in an isolated manner (Figure 2). Semiquantification was
performed by assessing the numbers of MCM2-positive cells
present in the five main HC grey matter regions, that is DG,
CA4, CA3, CA2, and CA1, at a 10x magnification and then
expressed per surface area (region of interest, ROI, 1mm2)
using CellF Olympus Soft Imaging Solutions GmbH software
(Tokyo, Japan).

2.7. Statistics. Statistical analyses were performed using
the SPPS package version 20.0 (Statistical Product and
Service Solutions, Chicago, IL, USA). The mean and
standard deviation of the number of MCM2-positive cells
were calculated for each group and within each subject
for all the different subregions of the HC. The data did
not meet criteria for normal distribution; thus statistical
analyses were performed using nonparametric tests.
Statistical analysis was executed with the nonparametric
Kruskal-Wallis test to examine main group effects between
controls, iLBD, and PD patients. Subsequently, Mann-
Whitney 𝑈 tests were performed as post hoc tests. Results
were considered significant if they fell below an alpha of
𝑃 ≤ 0.016, after Bonferroni correction. Within the same
cases, statistical analyses for the different subregions of
the HC were performed with the nonparametric related
samples Friedman’s analysis to examine main region
effects, followed by paired Wilcoxon tests as post hoc tests.
Results were considered significant if they fell below an
alpha of 𝑃 ≤ 0.02, family wise error- (FWE-) corrected.
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MCM2iLBD

Figure 2:MCM2-positive cells in the hippocampalCA3 region of an
iLBD case. High magnification of MCM2 IR reveals clear examples
of doublets (arrows). The MCM2-positive cell indicated with the
arrowhead is closely opposed to a large pyramidal neuron; bar =
25 𝜇m.

This critical value was established with SISA (http://
www.quantitativeskills.com/sisa/calculations/bonhlp.htm),
which uses the mean correlation between variables (𝑟 = 0.65)
that are mutually correlated (i.e., number of MCM2-positive
cells) for the alpha correction and allows one to perform a
less stringent correction than the Bonferroni method for
multiple comparisons.

3. Results

3.1. Increased Number of MCM2-Positive Cells in the HC of
iLBD Cases. In the pyramidal layer and DG of the HC of
all three patient groups, generally low numbers of MCM2-
positive cells were found that displayed morphology typical
for proliferating cells, such as a doublet shape and small
size (Figure 2 and Figures 5(b), 5(e), and 5(h)). Except for
a significant main effect in the number of MCM2-positive
cells between the hippocampal subregions within the control
group (Figure 3(a); 𝑃 = 0.034, related samples Friedman’s
analysis), no significant differences were found between the
subregions within each of the 2 different patient groups
(Figures 3(b) and 3(c)). Further analysis revealed a trend
towards an increase in the DG compared to the CA3, CA4,
and CA1 within the control group (Figure 3(a); resp., 𝑃 =
0.043, 𝑃 = 0.043, and 𝑃 = 0.08; nonparametric Mann-
Whitney 𝑈 test, significance reached at alpha of 𝑃 ≤ 0.02,
FWE-corrected; Ctr DGmean = 2.45 ± 1.03; Ctr CA3mean =
0.31 ± 0.21; Ctr CA4mean = 0.35 ± 0.25; Ctr CA1 mean = 0.93
± 0.56).

Taking all data together revealed a significant increase in
the number of MCM2-positive cells in the total hippocampal
grey matter (CA1-CA4, DG combined) in the iLBD cases
compared to control subjects (Figure 4(a); 𝑃 = 0.004;
nonparametricMann-Whitney𝑈 test, significance reached at
alpha 𝑃 ≤ 0.016, Bonferroni-corrected; Ctr mean = 5.21 ±
2.23; iLBD mean = 45.24 ± 25.29; PD mean = 26.51 ± 9.25).
When analyzing the subregions separately, a significant main
group effect was found for CA3 and CA4 between control
subjects, iLBD cases, and PD patients (resp., 𝑃 = 0.006, 𝑃 =
0.16; nonparametric independent samples Kruskal-Wallis

analysis). Further analysis revealed there was a significant
increase in the number of MCM2-positive cells in the CA3
and CA4 of the iLBD cases compared to the CA3 and CA4
of control subjects (Figures 4(d) and 4(e); resp., 𝑃 = 0.001,
𝑃 = 0.003; nonparametricMann-Whitney𝑈 test, significance
reached at alpha 𝑃 ≤ 0.016, Bonferroni-corrected; Ctr CA3
mean = 0.31 ± 0.21; Ctr CA4 mean = 0.35 ± 0.25; iLBD CA3
mean = 13.05 ± 8.77; iLBD CA4 mean = 4.95 ± 1.67) and a
trend towards an increase in the numbers of MCM2-positive
cells in the other three hippocampal subregions of the iLBD
cases compared to the control subjects (Figures 4(b), 4(c), and
4(f); CA1 𝑃 = 0.097; CA2 𝑃 = 0.082; DG 𝑃 = 0.191; Ctr
CA1 mean = 0.93 ± 0.56; Ctr CA2 mean = 1.17 ± 0.62; Ctr
DG mean = 2.45 ± 1.03; iLBD CA1 mean = 5.88 ± 3.17; iLBD
CA2 mean = 14.82 ± 9.58; iLBD DG mean = 6.45 ± 4.04).
No significant differences were found between PD patients
and control or iLBD cases in total HC or within any of the
subregions (Figure 4).

3.2. Colocalization of MCM2 with Iba1 Microglial Cells in the
HC. To determine whether microglia are proliferating, dou-
ble immunofluorescence and confocal microscopical analysis
revealed that themajority ofMCM2-positive cells colocalized
with Iba1-positive microglia (representative examples are
shown in Figure 5). Of each patient group, 3 cases were
double stained for Iba1 and MCM2 and the percentage coex-
pression was determined. In the control subjects, MCM2-
positive cells were rare in the CA regions but always colocal-
ized with Iba1 (100%). In iLBD cases, the highest number of
MCM2-positive cells was present in the CA subregions. An
average of 14 positive MCM2 cells were counted, of which an
average of 13 were Iba1 positive, yielding 93% coexpression.
In PD patients, fewer MCM2-positive cells were counted in
CA regions compared to the iLBD group. An average of
6 positive MCM2 cells were counted, of which on average
5 were Iba1 positive, that is, 83%. In the DG, overall less
MCM2-positive cells were counted; however, the percentages
of colocalization with Iba1 were similar to CA regions. In
general, quantification revealed >90% of the MCM2-positive
cells in the HC to be microglia in control subjects, iLBD
cases, and PD patients (representative examples are shown in
Figures 5 and 6).

4. Discussion

We studied proliferating cells in the HC of control subjects,
iLBD cases, and established PD patients. Using MCM2
as marker, no difference was observed in the amount of
proliferating cells between control subjects and PD patients.
However, in the presymptomatic iLBD cases, a clear increase
in MCM2-positive cells was found. Interestingly, over 90% of
the MCM2-positive cells were colabeled with Iba1, indicating
that microglial cells are the main proliferating cells in the HC
of iLBD cases and PD patients.

In control subjects, the low number of MCM2-positive
proliferating cells observed in the HC is consistent with
the low rates of hippocampal proliferation and neurogenesis
found before in the aged rodent, primate, and human HC
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Figure 3:MCM2-positive cell numbers in control subjects, iLBD cases, and PD patients. Semiquantitative analysis revealed that in (a) control
subjects, a significantmain effect was present (𝑃 = 0.034; related nonparametric Friedman’s analysis) with higher numbers ofMCM2-positive
cells in the DG compared to the hippocampal subregions (DG versus CA3 and CA4 #𝑃 = 0.043; DG versus CA1 𝑃 = 0.08 n.s.; DG versus
CA2 𝑃 = 0.225 n.s.; nonparametric pairedWilcoxon post hoc test). (b, c) In the iLBD and PD cases, no differences were present between any
of the subregions. Significance reached at alpha of 𝑃 ≤ 0.02, FWE-corrected. Data represent mean ± SEM.

and in comparable PD brain tissue [30, 41, 48–51]. Within
the control group, MCM2-positive cells were increased in the
DG compared to other hippocampal regions (Figure 3(a)),
which was of interest as most proliferation was beforehand
expected to occur in this subregion. Interestingly, the dif-
ferences between the DG and other subregions were no
longer present in the iLBD and PD groups, with higher
numbers of proliferating cells in all subregions (Figures 3(b)
and 3(c)), suggesting that the disease process has triggered
additional proliferative responses also outside the DG, and in
fact throughout the HC.

When total counts in the combined HC were compared
between the three cohorts, significant increases in prolifer-
ation were found in the iLBD cases, but no difference was
present between the PD group relative to the control group
(Figure 4(a)).This was unexpected as, based on experimental
studies, lowered dopamine levels were expected to reduce
hippocampal proliferation. Also the increase in iLBD cases
was unexpected as no clinical symptoms were present in this
cohort (yet) and although not quantified, their dopamine
levels are assumed to be unaltered. However, there is also

some DAT-SPECT data that reflects a decrease of striatal
dopamine levels and nigral degeneration already in the
premotor stage of PD [52–54]. Whether these cases can be
readily compared to our iLBD cases remains to be answered.
Subdividing the different HC subregions revealed that the
significant increase in the entire HC in ILBD was mainly
due to the CA3 and CA4 and to a lesser extent to the CA2
subregion (Figures 4(c), 4(d), and 4(e)). Since iLBD can be
considered a presymptomatic state of PD, this result suggests
that an early and disease-related induction of proliferation
occurs in the HC.

Although earlier studies suggested that proliferation out-
side neurogenic regions may reflect “endangered” neurons
that attempt to reenter the cell cycle [55], there are no indica-
tions that proliferation in the CA subregions will actually give
rise to new neurons. Also the current morphology, consistent
with a proliferative phenotype, and the localization of the
MCM2 cells, that is, closely apposed to a pyramidal neuron
and thus suggestive of a “satellite” cell (Figure 2, arrow-
head), hinted that proliferation in nonneurogenic subregions
likely reflects that of a nonneuronal cell type, for example,
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Figure 4: MCM2-positive cell numbers in the total HC and different hippocampal subregions. (a) The total number of MCM2-positive cells
in the HC was significantly higher in iLBD cases compared to control subjects (∗𝑃 = 0.004; nonparametric Mann-Whitney 𝑈 test). (b–f)
Comparing MCM2 IR per HC subregion between the 3 different groups revealed a significant increase in number of proliferating cells in
hippocampal areas (d) CA3 and (e) CA4 (resp., ∗𝑃 = 0.001, ∗𝑃 = 0.003; nonparametric Mann-Whitney 𝑈 test) of iLBD cases versus control
subjects. Significance reached at alpha of 𝑃 ≤ 0.016, Bonferroni-corrected. Data represent mean ± SEM.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 5: Colocalization of the majority of MCM2-positive cells with Iba1 in the hippocampal CA3 region of control subjects, iLBD cases
and PD patients. (a–f) Representative confocal laser scanning microscopical images of double-immunofluorescent stained sections revealed
that the majority of the MCM2-positive cells show colocalization with the microglial marker Iba1 (arrows in (c), (f), (i) and (j), and (k) and
(l)). Iba1-positive microglia are depicted in green (a, d, and g) and MCM2 in red (b, e, and h). (j–l) Higher magnification of colocalization (l)
between Iba1-positive microglia ((j), green) and MCM2 ((k), red); bar (a–i) = 40𝜇m; (j–l) = 10 𝜇m.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6: Colocalization of the majority of MCM2-positive cells with Iba1 in the hippocampal DG region of control subjects, iLBD cases,
and PD patients. (a–f) Representative confocal laser scanning microscopical images of double-immunofluorescent stained sections revealed
that the majority of the MCM2-positive cells show colocalization with the microglial marker Iba1 (arrows in (c), (f), and (i)). (b, d) Control
subject shows one MCM2-positive cell with no colocalization with Iba1 (arrowhead). Iba1-positive microglia are depicted in green (a, d, and
g) and MCM2 in red (b, e, and h); bar (a–i) = 40 𝜇m.

microglia. To confirm this, we used immunofluorescent
colabeling of MCM2 with Iba1 and established that almost
all proliferating cells in the PD HC represent microglia. The
increase in iLBD cases relative to control subjects and PD
patients suggests that proliferation of microglia occurs early
in PD, prior to actual deposition of 𝛼-synuclein.

In most PD cases, neuronal populations in the HC show
accumulation of 𝛼-synuclein [56, 57] which may activate the
brain’s immune system through microglia activation [58]. It

is still debatable whether neuronal 𝛼-synuclein inclusions
(Lewy bodies/Lewy neurites) cause microglial activation
and/or neuronal death, or whether LBs/LNs act as protec-
tive “containers” and that it is the extracellular 𝛼-synuclein
oligomers and fibrils that are toxic and activate microglia. On
the other hand, neurons containing 𝛼-synuclein inclusions
could communicate with microglia and activate them by
neuron to glia signaling. Indeed, activation of microglia has
been repeatedly shown in PD. While different microglial
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phenotypes are present in the SN, HC, and OB in PD,
their functional role and hence the implications of microglia
proliferation for PD etiology remain elusive [37, 59–61].
Similarly, the exact triggers for microglial proliferation are
unknown. Transgenic mice overexpressing wild-type 𝛼-
synuclein develop 𝛼-synuclein inclusions shortly after birth
but show unchanged cell proliferation in their SVZ and HC
at later ages [14, 62, 63]. In related prion disease models,
proliferation of microglial cells is considered important in
their turnover [64, 65] and to a larger extent to account for
the expansion of the resident microglia population during,
for example, prion disease development [66]. A related study
on AD mouse models found changes in proliferation and
microglia to coincide in time with increases in amyloid
plaque load [67], suggesting that the accumulation of aber-
rant proteins like amyloid, and possibly also of 𝛼-synuclein,
may trigger microglial proliferation.

While in vitro studies had already demonstrated that
the aggregated form of 𝛼-synuclein can trigger microglial
activation [10, 68], the HC of iLBD cases is largely devoid of
𝛼-synuclein depositions, and a role for soluble forms or 𝛼-
synuclein oligomers can thus not be excluded. 𝛼-Synuclein
oligomers can, for example, activate microglia via toll-like
receptor-2 (TLR2) and thereby stimulate proinflammatory
cytokine production [69, 70]. In agreement, in a separate
study, we found TLR2 expression to be upregulated in
microglia in the HC of iLBD cases [61].

In addition to increasing the cell population, an alter-
native, more speculative, interpretation of proliferation in
microglia could be phagocytosis of 𝛼-synuclein. The release
of 𝛼-synuclein and the subsequent uptake by neighboring
neurons or glia suggest possibilities for cell-to-cell transfer
and propagation that was recently proposed as conceptual
model for proteinopathies [71, 72] and is consistent with
the spatiotemporal progression of PD neuropathology over
the brain [73]. Interestingly, neuron-to-glia transmission is
accompanied by microglia activation [26, 74] and could
thus underlie some of the proliferative changes observed in
microglia in our current study. For instance, 𝛼-synuclein
secreted by neurons is released into the extracellular space
and can be taken up by microglia and phagocytosed. Several
forms of 𝛼-synuclein have been found to induce microglial
activation [10, 75, 76]. Similar to amyloid-beta, such secreted
proteins can be “sensed” by microglia through toll-like
receptors that could lead to the activation of inflammatory
response genes and their proliferation [61, 69, 71, 77–79].
Another possibility is that proliferative changes reflect altered
calcium signaling that was, for example, found to be dysregu-
lated in microglia in close vicinity to amyloid plaques in AD
brain [80]. These options are still speculative, and ongoing
phagocytosis of 𝛼-synuclein inside microglia is technically
difficult to visualize in postmortem human brain but may
provide a possible explanation for themicroglial proliferation
we observed.

Our current hippocampal data are in contrast with a
previous study on proliferation in the SVZ in PD and PD
models [29], indicating that cell proliferation in the SVZ,
and possibly also in the DG, may be under dopaminergic
control [16, 29, 81, 82]. These authors used nestin and

beta tubulin as markers and found significant reductions
in proliferation in the HC of 3 PD patients and 5 PD
patients with dementia, which they compared to 3 controls.
Although different markers were used, we did not find any
indication for a reduction in proliferation in the HC our
cohorts, together comprising 20 patients and 9 controls.
Another study on the SVZ failed to find differences in the
proliferative capacity between controls and PD patients too
[30]. While followed by an interesting debate [32, 33], this
also suggested that proliferating progenitor cells are at least
not reduced in PD. The methodological limitations that
exist for visualization of neuronal proliferation in human
postmortem brain [83–88] do not seem to hold explicitly for
microglia proliferation. MCM2 can thus be used as a marker
to determine also nonneuronal cell proliferation in human
postmortem material.

In conclusion, the increase in numbers of proliferating
cells in the HC of iLBD cases, a prodromal state of PD, but
not in clinically established PD patients, indicates an early
response to developing pathology in the PDHC.As almost all
of the proliferating cells in the HC are microglia, this implies
that neuroinflammatory processes may play an important
role in ongoing PD pathology.
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Adult neurogenesis is a striking form of structural plasticity that adapts the brain to the changing world. Accordingly, new neuron
production is involved in cognitive functions, such as memory, learning, and pattern separation. Recent data in rodents indicate a
close link between adult neurogenesis and reproductive social behavior. This provides a key to unravel the functional meaning
of adult neurogenesis in biological relevant contexts and, in parallel, opens new perspectives to explore the way the brain is
processing social stimuli. In this paper we will summarize some of the major achievements on cues and mechanisms modulating
adult neurogenesis during social behaviors related to reproduction and possible role/s played by olfactory newborn neurons in this
context. We will point out that newborn interneurons in the accessory olfactory bulb (AOB) represent a privileged cellular target
for social stimuli that elicit reproductive behaviors and that such cuesmodulate adult neurogenesis at two different levels increasing
both proliferation of neuronal progenitors in the germinative regions and integration of newborn neurons into functional circuits.
This dualmechanismprovides fresh neurons that can be involved in critical activities for the individual fitness, that is, the processing
of social stimuli driving the parental behavior and partner recognition.

1. Introduction

Since its rediscovery in the early 90s, the field of adult neuro-
genesis (AN) has been the object of a large number of studies
in order to define its extent and role in the normal brain
function, but also to develop new strategies for brain repair.
After 30 years of intense research, although the potential use
of AN as a ready-made tool in therapy remains elusive (see,
for discussion, http://www.frontiersin.org/neurogenesis/re-
searchtopics/adult neurogenesis twenty year/1785 and [1]),
its role on brain physiology appears astonishing in the context
of adult neural plasticity. AN seems crucial to optimize the
plastic responses of the brain in multiple sensory contexts
[2].This important function is achieved through a continuous
supply of new neurons into the circuits of the olfactory
bulb (OB) and dentate gyrus (DG) of hippocampus, two
key regions exerting an important control on brain circuits
critical for survival of individuals and species [3, 4].

Newborn neurons show unique functional properties,
such as lower threshold for synaptic and structural plasticity,

and increased responsiveness to experienced stimuli [5–7],
supporting a role for AN in mechanisms of memorization
and learning [8]. In addition, recent evidences indicate that
integration of “young and excitable” neurons in the DG and
OB improves the pattern separation, namely, the ability to dis-
tinguish/discriminate between similar/overlapping sensory
experiences [2, 9–12]. On the whole, AN is considered as
a life-long mechanism, which adapts the brain circuits of
each individual according to the environmental complexity
and novelty, following a simple rule: more experiences need
more cognitive challenges requiring plasticity and in turn
more AN [13]. Addition of newborn neurons in the adult
brain is orchestrated by a complex interplay between internal
and external environmental cues that can either positively
or negatively influence different aspects of the neurogenic
process (e.g., proliferation of progenitors, migration, differ-
entiation, and survival of neuroblasts) beyond its baseline,
which is maintained by an intrinsic control [14–16]. Recently,
it has been shown that salient cues such as pheromones
released during intersexual and parent-offspring interaction,
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or pregnancy and postpregnancy hormones, regulate AN
[17], thus suggesting a role for AN in the reproductive
function (see also [18] for recent discussion). Many questions
remain open, as themolecular nature of the cues and the brain
circuits underlying the link between reproductive behavior
and AN. In this paper, we emphasize that the identification of
such players besides tackling the study of AN in biologically
relevant contexts gives the chance to investigate how sensory
stimuli promoting reproductive behavior are processed in the
adult brain. In addition, it also offers a key to understand
how the occurrence of AN in two restricted brain regions
can impact the whole brain function. Hence, we will briefly
describe recent findings linking reproductive social stimuli
to AN. Then, we will focus on the accessory olfactory bulb
of adult female mice [12, 19] to discuss the role of AN as a
mediator of a striking example of sexual behavior, the mate
pheromonal imprinting to avoid pregnancy block in female
mice [20].

2. Adult Neurogenesis and Reproductive Social
Stimuli: Some Major Key Points

Physiological modulation of AN has been described inmulti-
ple reproductive social behaviors (see for review [17, 21]).The
emergence of such behavioral aspects implies multisensory
integration with the endocrine system [3, 22, 23].

Pheromonal cues, which convey information about
species specificity, gender, social status, health, genetic advan-
tage, and individual recognition [24], have been demon-
strated as major stimuli to enhance neurogenesis in the adult
brain [12, 19, 25–30]. A direct contact (fully exploration of
pheromonal cues and/or coupling) between individuals or
with the stimulus (bedding or urine) is necessary tomodulate
AN [12, 19, 25–40]. Thus, activation of both the main and the
accessory olfactory systems, which cooperate in the control
of reproductive behavior [41, 42], is required to enhance AN
in this context. The relative contribution of the two olfactory
pathways on the neurogenic process triggered by olfactory
social stimuli remains however poorly understood.

Exposure to semiochemicals, such as those released dur-
ing sex and parent-offspring interactions, elicits neurogenesis
in both SVZ and DG niches [26, 28]. By contrast, exposure
to “generic odorants,” or physical activity and environmental
enrichment, selectively regulates AN in the SVZ or in the
DG, respectively [43, 44].These data indicate that only salient
chemosensory stimuli can trigger neurogenesis simultane-
ously in both SVZ and DG, possibly through a reciprocal
interaction between the two neurogenic niches (see [45] for
discussion regarding this point).

AN is also modulated during pregnancy or pseudopreg-
nancy, lactation [32, 46], and in pacing behavior [38, 40],
activities that require high-level integration among differ-
ent brain regions and the endocrine system. The anterior
pituitary hormone prolactin (PRL) has been identified as
one of the main endogenous cues promoting proliferation
of SVZ progenitors in the reproductive context [26–28,
32, 46], suggesting a cooperation between hormones and

brain plasticity to generate proper physiological and behav-
ioral responses to the external stimuli [23]. PRL in female
rodents rises during mating [47], pregnancy and lactation
[48], and after prolonged exposure to male pheromones
[27]. Socially induced release of PRL increases proliferation
of SVZ progenitor cells, raising the number of newborn
neurons integrating into the OB circuits of female mice
15–20 days thereafter. Such an increase is matching with
the postpartum period [26, 27, 32]. Hence, PRL-induced
proliferation occurring in early gestation is possibly required
later on for the expression of normal maternal behaviors
during the postpartum period (e.g., pup recognition). It is to
note that in the postpartum period, which is characterized
by profound hormonal changes [49], cell proliferation in
the DG of female rats is reduced [50] and in the SVZ of
mice is marked by peculiar fluctuations [32]. Interestingly
enough, PRL increases neurogenesis also inmalemice during
interaction with their own pups, both in SVZ and in DG of
hippocampus [28]. Considering the multifaceted role of this
hormone in favoring the parental care behavior [48], the PRL-
induced neurogenesis might be regarded as a mechanism of
neural plasticity eliciting offspring survival [46], although X-
ray irradiation of SVZ [36] and genetically targeted ablation
of newborn neurons [39] failed to show significant alteration
of such behavior.

Exposure to dominant male semiochemicals, besides
increasing SVZ neurogenesis through PRL release, enhances
cell proliferation in the DG of females via the luteinizing
hormone (LH), another hypothalamic-pituitary axis hor-
mone [26]. LH is a well-known mediator of social and
reproductive functions [51]. Mak and colleagues [26] cor-
related such hormone-mediated neurogenic effect with the
mate-choice behavior, since only exposure to male dominant
chemosensory cues was able to enhance neurogenesis. In
parallel, mate preference was lost in females with impaired
PRL and/or LH function. By large, these data indicate thatAN
is part of the complex feedback loops linking pheromones,
hormones, and reproductive function [52, 53]. According
to this view, social and reproductive cues stimulate steroids
hormones secretion and a vast literature shows the influence
of gonadal hormones on hippocampal neurogenesis (see for
review [54]). By contrast, only a few studies have addressed
the role of sex steroids in modulating AN in the OB region
[25, 55–57].This is surprising considering the key role played
by estradiol in the control of olfactory reproductive behavior
in female rodents [58]. Interestingly, Veyrac and Bakker
[57] employing aromatase-knockout mice, which are unable
to produce estradiol across their life span, demonstrated
that estradiol exposure does not influence SVZ progenitor
proliferation but rather differentially affects the survival of
newborn neurons and their functional responses to male
urine cues in the main and accessory OB. Whether the
activity of the estradiol is direct or mediated by other
hormones/factors deserves further investigation. Similarly, it
remains to be clarifiedwhichmechanism selectively improves
the estradiol-dependent survival of newborn neurons and
their responsiveness to chemosensory stimuli in themain and
accessory OB.
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Figure 1: The mate pheromonal imprinting is a vomeronasal-dependent sex behavior. When a recently mated female is exposed to an
unfamiliar male (brown mice) or unfamiliar male urine, a neuroendocrine reflex leads to pregnancy block and in turn triggers a return
to estrus. This male chemosensory-induced block of pregnancy is known as the Bruce effect (see the text for details). The Bruce effect does
not occur if the female is exposed to the mate’s chemosignals, since in this case a restricted pool of AOB granule interneurons (Gr) efficiently
inhibitsmitral cell signal transmission to the forebrain nuclei involved in estrus induction. Such kind of “protection” to themate’s pheromones
implies the formation of an olfactory recognition memory for the stud male chemosensory cues at the granule-to-mitral synaptic interface
in the AOB (right). Gr: granule cells; M: mitral cells (figure modified from [16]).

Besides hormones, other signals/systems participate in
the regulation of AN in the social context of reproduction.
Pacing behavior is another interesting example of social
interaction which modulates AN in the OB region of rats
[38, 40]. Pacing behavior in female rats consists of the
possibility to control the rate of sexual stimulation they
receive [59], a condition that normally occurswhen theymate
in seminatural or natural conditions [60, 61]. Paced mating
induces several physiological and behavioral advantages,
such as a reward state that assures that the behavior will be
repeated in the future [62, 63]. Using ovariectomized females,
hormonally primed to induce sexual behavior, Paredes and
colleagues showed that pacing behavior promotes per se an
increase in SVZ proliferation that leads to a higher density of
newneurons in the accessoryOB [38]. In addition, they found
that if the behavior is repeated, this increase involves also
the main OB. The effect on AN seems specifically dependent
on the ability of controlling the sexual interaction and not
due to different levels of estradiol and progesterone, since all
the different groups had the same hormone and behavioral
levels [63]. Pace mating also enhances SVZ-proliferation in
males [40], whose sexual activity with receptive females also
increases hippocampal proliferation [37].The authors suggest

that increased neurogenesis during pacing behavior could
be related to the rewarding value of the sexual interaction
and indicate the opioid system as potential modulator of this
effect. Accordingly, administration of the opioid antagonist
naloxone blocks the rewarding effect induced by sexual
behavior in males and females [64, 65] and the opioids
modulate AN in the adult brain [66].

In summary, the emerging picture shows thatmodulation
of AN during reproductive social behaviors occurs through
multiple exogenous and endogenous cues. These include
salient chemosensory signals, adenohypophyseal hormones
(e.g., PRL and LH), gonadal hormones, and, potentially,
neurotransmitters related to the rewarding value of the sexual
interaction. Reproductive social stimuli seem to modulate
AN by increasing the proliferation of progenitor cells in
both neurogenic niches. In addition, as discussed in detail
in the next paragraphs, these stimuli also favor the sur-
vival/integration of newborn neurons during a critical time-
window of their maturation [12, 19, 30]. This prosurvival
effect on newborn neurons is mostly mediated by male
pheromonal cues and prominent in the AOB of female mice
[11, 19, 30]. From now on, by exploiting the mate pheromonal
imprinting in female mice as a specific sex behavior and the
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process of AN occurring in the AOB of rodents, we will focus
on a remarkable example of the interplay occurring between
AN and reproductive activity.

3. The Mate Pheromonal Imprinting: A
Vomeronasal-Dependent Sex Behavior of
Female Mice

Themate pheromonal imprinting is an olfactory recognition
process formate’s pheromones, which prevents the pregnancy
block effect (also known as the Bruce effect) that occurs
during a critical postmating window in adult female mice
[67] (Figure 1). If a recently mated female is exposed to
chemosignals contained in urine from an unfamiliar male, a
neuroendocrine reflex leads to the block of pregnancy and
in turn triggers a return to estrus [68, 69]. The Bruce effect
is mediated by VN excitatory projections from the AOB to
the medial amygdala, the bed nucleus of the stria terminalis,
the medial hypothalamus, and ultimately the dopaminergic
neurons of the arcuate nucleus that control PRL release by
the anterior pituitary [70]. PRL in mice is luteotrophic and
its inhibition, mediated by the dopaminergic neurons of the
arcuate nucleus, prevents blastocyst implantation [71]. The
exteroceptive induction of estrus is lost by stud-male odours
through enhancement of granule-to-mitral synaptic inhibi-
tion occurring in the AOB during a sensitive period around
mating [72, 73] (Figure 1). This process involves a restricted
pool of granule cells in the AOB, which actually inhibits for
several weeks (50–60 days) mitral cell signal transmission to
the forebrain areas involved in estrus induction [72, 73].Thus,
although some of the molecular mechanisms underlying the
mate pheromonal imprinting remain to be elucidated (see for
detailed discussion [71]) and recent data suggest a possible
involvement of some main OB neurons [74], more of four
decades of intense investigation supports the idea that such
memory process is elicited by male pheromonal cues and
mainly targets the vomeronasal system.

Recently, we have proposed that AN in the AOB of female
mice plays a critical role in the achievement of this memory
process [12], which implies a direct link with reproductive
behavior. In the next paragraphs we will discuss multiple
experimental evidences supporting this hypothesis.

4. The AOB Is a Site of Adult Constitutive
Neurogenesis in Rodents

We reported the presence of SVZ neuroblasts in the AOB
(Figure 2(a)) of rats in 1997 [75]. Afterward, other studies
from our [76] and other laboratories [31, 77] showed occur-
rence of immature neurons in theAOBof diversemammalian
species. Yet, clear evidence that SVZ neuroblasts do integrate
within the mature circuits of the mouse AOB was obtained
only later, when, by using multiple approaches, it was defini-
tively demonstrated that neuroblasts reaching this region
acquire phenotypic and anatomical features consistent with
those of functional neurons, mostly granule cells (Figures
2(b) and 2(c)), [19]. Subsequent studies have confirmed this
evidence [12, 29, 30], which indicates that the AOB, just

as the MOB and hippocampus, represents a site of adult
constitutive neurogenesis (see for detailed discussion [78]).
Since newborn neurons in the adult brain are an elective
cellular substrate for mechanisms of memory formation [79],
the hypothesis was made that AN in the AOB could serve for
the mate pheromonal imprinting.

5. Male Bedding Pheromones Modulate
Neurogenesis in the AOB of Female Mice

Sensory activity increases integration/survival of newborn
neurons in the main OB during a critical time window of
neuroblasts maturation [80–82]. Consistent with this “rule,”
long- (28 days) or short-term exposure (7 days) tomale soiled
bedding, which contains semiochemicals present in urine
and exocrine glands secretion [83], significantly increases the
number of new neurons in the AOB granule cell layer of
adult females [12, 19, 29, 30]. This effect is achieved favoring
the integration of newborn cells aged between 7 and 14
days [12, 30], the critical time window for survival of AOB
newborn neurons [19]. In addition, male bedding exposure
can also increase AOB neurogenesis in females by promoting
proliferation of SVZ progenitor cells [29]. Enhanced survival
in the AOB occurs only in postpubertal females, whereas
exposure to cues fromboth genders is ineffective in both adult
males and prepubertal females [12]. These latter data indicate
the effect of male pheromones on AN is gender specific and
directed only to sexually mature animals.

6. Nature of the Cues Affecting AOB
Neurogenesis during Male Bedding
Exploration

Male bedding is enriched of urine, whose fractions (high- and
low-molecular weight fractions; HMW, LMW) are known
to contain cues able to elicit different olfactory-mediated
reproductive behaviors [84].Whole urine, as well as the urine
fraction deprived of the major urinary proteins (MUPs) that
represent principal components of the HMW urine fraction
[83], increases AOBneurogenesis in femalemice. In addition,
the HMW fraction of male urine, treated with menadion to
deprive it fromall volatile ligands [85] and loaded onto female
LMW urine fraction to stimulate investigation is ineffective
on AOB neurogenesis [12]. These data strongly support that
the cues affecting AN in the AOB of females during bedding
exploration are comprised in the LMW fraction of male
urine. It is to note that, although MUPs and their bound
ligands play a crucial role in providing information in mouse
territorial behavior and male individuality [86], the LMW
fraction of urine is the most efficient in inducing the Bruce
effect [69, 87].

7. Circuits Involved in the Regulation of
AOB Neurogenesis

Chemosensory stimuli contained in the LMW fraction of
male urine are sensed by both the main and the accessory
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Figure 2: The accessory olfactory bulb is a site of adult constitutive neurogenesis. (a) Left, schematic representation of a posterior coronal
section in the rat OB (cut at the level indicated by the dotted line) showing the anatomical organization of the AOB (green) and the RMS (red)
in the core of theOB. Right, schematic representation of a parasagittal section of the rodent forebrain showing the position of the AOB (green)
and the SVZ neurogenic niche from which neuroblasts migrate to both the MOB and AOB. (b) Coronal cross-section of the OB showing
NeuN labeling in the MOB and AOB-GrL. At higher magnification, examples of BrdU/NeuN colabeled cells (see arrowhead) stained 15 d
after the BrdU injection. Scale bars, left 200𝜇m, middle 50 𝜇m, right 5 𝜇m. (c) 3D reconstruction of EGFP-positive SVZ-derived precursors
at 60 days after their homotopic transplantation in a wild type mouse [19]. EGFP-positive cells were found in the GrL and GL AOB layers.
All cells show features of mature interneurons with well-developed dendritic arborization and spines, as visible at higher magnification. Scale
bars, 100𝜇m and 10 𝜇m (for higher magnification pictures). AOB: accessory olfactory bulb; MOB: main olfactory bulb; SVZ: subventricular
zone; RMS: rostral migratory stream; LV: lateral ventricle; CC: corpus callosum; GrL: granular layer; lot: lateral olfactory tract; epl: external
plexiform layer; GL: glomerular layer. ((b) was modified from [12] and (c) was modified from [19]).

olfactory systems [20]. To evaluate which sensory pathway
drives enhanced AOB neurogenesis in females, the effects
of genetic deletion of the Trpc2 cation channel, which leads
to impaired VN function [88], were compared with those

elicited by lesions of the main olfactory epithelium (MOE)
caused by intranasal irrigation of zinc-sulfate (ZnSO

4
) [89].

Enhanced AOB granule cell survival was absent in trpc2−/−
mice. By contrast, ZnSO

4
lesion of the MOE did not abolish
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Figure 3: Functional involvement of AOB newborn neurons in the mate pheromonal imprinting. Mating and male olfactory stimulation
(physical contact without intromission) on female mice after different protocols of Ara-C/saline treatment in normal and vomeronasal nerve-
lesionedmice (VNX). In the graph the pregnancy rates are shown (in percentage) as a function of the different treatment conditions evaluated
11 days after mating. In the schematic diagram the role of AOB newborn granule cells is illustrated (NGr) in the modulation of mate’s familiar
signals (left side) and unfamiliar ones (right side): granule cells are preferentially involved in the detection of male individual odours once
integrated into preexisting circuits. When highly responsive newborn granule cells (NGr) are eliminated after Ara-C treatment (left side,
bottom), preexisting granule cells (PGr) are not sufficient to prevent pregnancy block by mate’s familiar odours (red arrows). ∗𝑃 < 0.05.
(Figure modified from [12]).

enhanced neuronal survival in the AOB, indicating that
vomeronasal contact is necessary and sufficient to increase
survival of new AOB granule cells [12]. This fact is in
agreement with previous results showing that AN in the AOB
is promoted only by direct contact with male soiled bedding
(which implies vomeronasal activity) and not by its volatile
compounds [19].

Cellular activity in the AOB can also be elicited by
centrifugal inputs from the medial amygdala (MeA), even
in absence of vomeronasal stimulation [90, 91]. Convergent
olfactory and vomeronasal information reach the amygdala,
which actually represents a key center for associative learn-
ing of male chemosensory cues [92]. Thus, male bedding
exposure was performed after excitotoxic lesions to the MeA
by injections of ibotenic acid [93]. Increased cell survival
was detected in the AOB of sham-lesioned mice, but not
in lesioned ones. Notably, granule cell survival in the main
OB was unaffected by either bedding exposure or lesioning
with ibotenic acid [12]. Together these results indicate that
male pheromones specifically trigger integration of newAOB
granule cells through VN centripetal and MeA centrifugal
sensory activity. Other studies have shown that AN in the
OB is regulated by concurrent peripheral sensory inputs
and backward stimulation from central nuclei [94, 95]. In
such context, besides central stimuli from MeA, the impor-
tant noradrenergic input reaching the OB from the locus

coeruleus appears intriguing. Indeed, the noradrenergic sig-
naling enhances survival/integration of newborn neurons in
both main and accessory OB [30, 96]. In parallel, it also
sustains a form of olfactory perceptual learning in which
previous experiences allow discrimination between percep-
tually similar odorants [97], thus supporting that contextual
information rather than simple sensory peripheral activity
is crucial to enhance the integration/survival of newborn
neurons. Finally, the memory formation underlying the
mate pheromonal imprinting is dependent on noradrenergic
transmission in the AOB [71].

8. Functional Involvement of AOB
Neurogenesis in the Mate Pheromonal
Imprinting

Analysis of c-fos expression, as a marker of cellular activity
[98], showed preferential responsiveness of AOB newborn
neurons to male familiar (1-week experience) rather than
unfamiliar (never experienced) stimuli [12]. This effect is
evident soon after newborn cell integrates within the AOB
circuits (around the 3rd week after their genesis) and is
transient since it disappears after seven days. In addition,
the same familiar cues induce attenuated responses (low c-
fos expression) in the vomeronasal nuclei involved in the
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control of estrus induction [12]. The above results support
direct involvement of AOB newborn cells in male-individual
recognition and are consistent with the idea that during a
critical time-window of maturation newborn neurons can
play unique sensory processing in the OB circuits [5, 6].
Moreover, these data also suggest that the activity of newborn
cells in the AOB circuits can modulate the responses of the
central nuclei underlying the neuroendocrine reflex leading
to the Bruce effect, which actually triggers a return to
estrus. To test this hypothesis, the renewal of adult-born
interneurons was blocked by administrating the antimitotic
drug Ara-C during four weeks (the period of time covering
the peak responsiveness to familiar stimuli of AOB newborn
neurons). Other methods to ablate AN are available, such
as X-ray irradiation [36] or gene-coded selective deletion
[39]. Nevertheless, these procedures only partially delete SVZ
neurogenesis [36] or require the use of tamoxifen [39], which
can potentially interfere with estrogen-responsive regions,
such as the vomeronasal system and adult SVZ [99, 100]. By
contrast, Ara-C infusion is particularly efficient to eliminate
SVZ newborn neurons even after short-term treatments
[101] and low doses of Ara-C have no gross aversive side
effects [96, 102]. Ara-C treated females were tested for the
ability to recognize their mating partners in order to avoid
the exteroceptive implantation failure. This was achieved
by exposing Ara-C treated females during the postmating
critical period (3 days after the beginning of mating in
coincidence with the prolactin peaks [69, 87]) to their mating
partners (Figure 3). In contrast to saline treated females,
high rate of pregnancy failure was detected in Ara-C treated
mice, indicating the treatment switched the effect of familiar
odour to that of an unfamiliar one. This was not due to a
possible Ara-C induced infertility, since a group of Ara-C
mated females not exposed during the critical postmating
window showed normal pregnancy rate. Thus, ablation of
bulbar neurogenesis compromises the formation of the stud
male olfactory memory in female mice. To definitively rule
out a potential involvement of MOB newborn neurons in
this memory formation, a group of Ara-C treated females
was tested for the mate pheromonal imprinting after surgical
lesion of the vomeronasal nerves, a condition known to
eliminate alone the exteroceptive pregnancy block [103, 104].
This procedure was sufficient to prevent the high rate of
pregnancy block by stud male exposure [12], showing the
key role of AOB newborn interneurons in this process and
thus a direct link between AN and reproductive behavior.
Importantly, other studies based on depletion of ANobtained
through genetic targeting of newborn neurons in the fore-
brain [39] and/or focal irradiation of the SVZ [36] further
support that continuous OB neurogenesis is required to
sustain appropriate sex-specific behaviors.

9. Concluding Remarks

Social stimuli involved in the control of reproductive physiol-
ogy enhance AN through complex mechanisms which imply
multimodal integration and coordinated activity of the brain
with the endocrine system. In turn, newborn neurons seem

Social/reproductive stimuli

Adult neurogenesis

Survival/integration
newborn neurons

rapid involvement in individual
discrimination/recognition

partner recognition, mate choice?
[12, 19, 26, 30]

Fitness maximization

later involvement in activities
related to parental behavior

Progenitor
cell proliferation

[e.g., 26–29, 38, 40]

Figure 4: The double effect of social/reproductive stimuli on adult
neurogenesis. Reproductive social stimuli positively influence adult
neurogenesis by increasing the rate of proliferation of progenitor
cells located in the adult germinative niches. This effect, which
appears mediated by hormones and/or neurotransmitters released
during intersexual and/or parent-offspring interaction, provides a
reservoir of newborn neurons that after 2 weeks can be potentially
involved in the regulation of parental behaviors. In parallel, socially
relevant chemical cues (such as those conveyed by urine) also
affect the integration/survival of newborn neurons already settled
in the target region (e.g., AOB) during their critical time-window
of selection.These additional newborn neurons are rapidly involved
in mechanisms of individual discrimination/recognition and play a
role in the mate pheromonal imprinting in the AOB of female mice,
which is important to avoid pregnancy block. Thus, the positive
effect exerted by reproductive social stimuli on AN seems directed
to maximize the animal fitness.

to optimize/adapt the function of brain circuits underlying
reproductive social behaviors. This feedback loop between
AN and reproduction further confirms the role of adult neu-
ral plasticity in controlling this crucial physiological function
and indicates that AN is a key actor of such regulation.

Additional analyses are required to clarify the cellular
andmolecular mechanisms by which already known external
and internal cues modulate AN in reproductive behavior and
to test the putative modulatory role on AN of other salient
chemosensory factors, such as the exocrine gland-secreting
peptide (ESP) 1 [105]. Additional work is needed also in
order to enlighten the neural circuits which link AN and
reproductive behavior. The vomeronasal pathway and some
of its nuclei (e.g., medial amygdala) are important players in
this process, but the extensive impact of reproductive social
stimuli on different brain regions suggests that other circuits
might be involved.

Finally, we would like to emphasize that regulation of
AN by reproductive social cues in the OB occurs through
a dual mechanism: (i) enhancing proliferation of progenitor
cells in the SVZ and (ii) fostering survival of newborn
neurons in the AOB. Interestingly, in the hippocampus,
acute running induces progenitor cell proliferation, but this
effect does not lead to a corresponding net increase in
neurogenesis if it is not associatedwith a prosurvival stimulus
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(i.e., environmental enrichment) [16, 106]. Similarly, the
increase of SVZ progenitor proliferation primed by male
chemosensory stimuli through hormones release (e.g., PRL)
could become “functional” only if an additional appropriate
prosurvival stimulus (e.g., chemosensory cues released by
pups) eventually enhances newborn cell integration in the
OB. By this additive effect, neurogenesis could optimize its
function in specific behaviors related to the parental care [27,
28, 46]. In addition to the control on SVZ proliferation, the
male chemosensory stimuli also act in parallel by enhancing
survival/integration of pools of young newborn neurons
in the OB [19, 30]. These cells soon after, or during their
integration into the circuits, are highly responsive to expe-
rienced/familiar male chemosensory cues, supporting that
they can be directly involved in mechanisms of individual
recognition/discrimination (Figure 4). Although the logic
of this process deserves further investigation, it provides
evidence that AN contributes to the reproductive function by
affecting key activities related to the animal fitness.
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In Parkinson’s disease (PD) and other synucleinopathies, chronic neurodegeneration occurs within different areas of the central
nervous system leading to progressive motor and nonmotor symptoms. The symptomatic treatment options that are currently
available do not slow or halt disease progression. This highlights the need of a better understanding of disease mechanisms and
diseasemodels.The generation of newborn neurons in the adult hippocampus and in the subventricular zone/olfactory bulb system
is affected by many different regulators and possibly involved in memory processing, depression, and olfaction, symptoms which
commonly occur in PD. The pathology of the adult neurogenic niches in human PD patients is still mostly elusive, but different
preclinical models have shown profound alterations of adult neurogenesis. Alterations in stem cell proliferation, differentiation,
and survival as well as neurite outgrowth and spine formation have been related to different aspects in PD pathogenesis. Therefore,
neurogenesis in the adult brain provides an ideal model to study disease mechanisms and compounds. In addition, adult newborn
neurons have been proposed as a source of endogenous repair. Herein, we review current knowledge about the adult neurogenic
niches in PD and highlight areas of future research.

1. Unmet Needs in the Treatment of
Parkinson’s Disease

Parkinson’s disease (PD) is an age-related chronic neurode-
generative disorder with an estimated prevalence of 160
per 100,000 affecting 2-3% of people aged 55 and above
[1, 2]. The clinical diagnosis is based on the presence of
the motor symptoms bradykinesia, resting tremor, rigidity,
and postural instability [3], while the definitive diagnosis
can only be made post mortem by detection of 𝛼-synuclein
containing Lewy bodies (LB) in the substantia nigra (SN)
[4]. A number of therapies are available to alleviate the
motor symptoms including L-DOPA (as gold standard),
dopamine agonists,MAO-B-inhibitors, theNMDA-receptor-
antagonist amantadine, and neuromodulation by deep brain
stimulation. However, none of them has proven disease-
modifying effects and the clinical benefits of the therapy

may wear off as the disease progresses [5]. Cell replacement
strategies to replace lost dopaminergic input in the striatum
of PD patients have led to the proof of principle that fetal
mesencephalic transplantations into the striatum increase
striatal dopamine levels [6, 7] and reinnervate the striatum
[6, 8–13] but came to a first stop when severe graft induced
dyskinesias were found as a major complication [14, 15].
Moreover, detailed analysis of the tissue revealed signs of
host-to-graft propagation of LB pathology [10, 12]. Recently, a
new trial has been instated that aims at reviving and refining
the technique and is funded by the EU as the multicenter
project TRANSEURO [16].

Nonmotor symptoms of PD have gained increasing
interest due to their major impact on the patients’ quality
of life and due to the limited availability of symptomatic
treatments [17–19]. Indeed, the variety of nonmotor symp-
toms reflects the multisystemic nature of PD, according to
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the current concept of disease propagation in an ascending
pattern [3, 20]. Affected brain regions are identified first
by 𝛼-synuclein-positive LBs and dystrophic Lewy neurites
(LN) [21]. LB deposition is accompanied and followed by
neurodegeneration, but the processes that precede this stage
are unclear as yet. According to the staging proposed by
Braak and colleagues, PD pathology is only detected in two
basal cranial nerves nuclei, namely, the glossopharyngeal
and the vagal nerve and in the olfactory bulb at an early
disease stage (OB, stage 1). This corresponds to the premotor
symptoms hyposmia and autonomic dysfunction, including
obstipation [22–25]. At stage 2, pathology is detectable also in
the pontine areas of the locus coeruleus, the raphe nuclei, and
the reticular formation. This brainstem affection may cause
rapid-eye-movement sleep behavior disorder which is one of
the most specific indicators for the future development of PD
and occurs in 30–50% of PD patients [26, 27]. Depression
is a nonspecific but frequent nonmotor symptom of PD that
often begins in the prodromal phase and severely affects the
quality of life in PD [28, 29]. Stage 3 of PD histopathology
marks the involvement of the SN and the anterior olfactory
nucleus, whereas significant rates of degenerating neurons in
the pars compacta of the SN are only seen in stage 4. Motor
symptoms of PD emerge at stage 4 or later, when disease
pathology is already widespread and a substantial proportion
of SN neurons degenerated. Thus, disease-modifying thera-
pies should be much more promising when instated in early
premotor stages of PD. To this end, PD risk scores have been
introduced [30, 31]. Stages 5 and 6, finally, are characterized
by the involvement of the basal forebrain and cortical regions,
including the entorhinal cortex and the cornu ammonis
regions of the hippocampus. This advanced stage of PD
is clinically dominated by complicated control of motor
symptoms (e.g., fluctuations, dyskinesias, and dysphagia) and
severe nonmotor symptoms like Parkinson’s disease dementia
(PDD), psychosis, and sleep-wake disorders. Dementia with
Lewy bodies (DLB) is characterized clinically by a predom-
inant dementia syndrome preceding motor symptoms and
pathologically by neocortical accentuation of LB pathology
[32–34].

In light of the chronically progressive disease pattern of
PD involving olfactory and hippocampal systems, the pres-
ence of neural stem cells and active neurogenesis through-
out life serves as an attractive model to study PD disease
pathology and to test neuroprotective and neuroregenerative
treatment approaches. Therefore, in the following review, we
will elaborate current knowledge about adult neurogenesis in
PD patients and PD models, and we will discuss how these
findings may help to understand and to treat PD.

2. Adult Neurogenesis in PD Patients

It is accepted today that neurogenesis persists in humans
in the dentate gyrus (DG) of the hippocampus and in the
subventricular zone (SVZ) beyond embryonic neurogenesis
[35–38]. Few studies have addressed adult neurogenesis in
PD patients, mainly in the SVZ/OB system. Small and
heterogeneous sample groups, post-mortem delay, and the

availability of immunohistochemical markers have limited
the direct investigation of alterations of adult neurogenesis
in the two neurogenic zones of PD patients. The number of
cells positive for proliferating cell nuclear antigen (PCNA)
was reduced in the SVZ of 4 PD patients when compared to 4
controls [39]. This proliferation defect was related to reduced
dopaminergic innervation from the SNpars compacta as seen
in animal models of dopaminergic deafferentation [39–42].
In line with the hypothesis of dopaminergic control of SVZ
proliferation, a decreased number of epidermal growth factor
(EGF) receptor positive cells were found in the SVZ of 6
PD patients as compared to 6 age- and sex-matched controls
[43]. In a clinicohistological study of a cohort of 32 PD
patients, the number ofMusashi-positive cells within the SVZ
(representing neural stem and progenitor cells within this
area) was positively correlated with the extent of dopamin-
ergic treatment whereas disease duration showed a negative
correlation [44]. A similar reduction ofMusashi-positive cells
within the SVZ was noted in specimen of 5 DLB and 6 PDD
cases as compared to 5 controls [45]. The observed decrease
in SVZ proliferation of patients with LB disease may thus be
due to a reduction of the number of putative stem cells as a
consequence of dopamine depletion. However, a recent study
did not detect changes in SVZ proliferation (as determined
by expression of PCNA and pHH3) in post-mortem tissue
of 10 PD patients when compared to 10 controls [46]. No
changes in the number of GFAP𝛿-positive cells as another
putative marker of SVZ stem cells were observed [47]. This
study controlled for age, sex, and post-mortem delay and
included additional specimen from 5 nondemented controls
with incidental LB pathology to take dopaminergic treatment
into account. The authors did not detect differences of SVZ
proliferation in the presence of high intragroup variability.
The ability to generate SVZ-derived cultures from PD post-
mortem tissue provides a hint for its intact proliferative
capacity but currently does not allowquantitative conclusions
[46, 48]. Within the authors’ explanations for the discrepan-
cies between these human SVZ studies, it became clear that
consent about the optimal methodology concerning tissue
sampling, anatomical definition of sampling area, choice of
markers for SVZ stemandprogenitor cells, and quantification
still needs to be defined [49, 50]. Future studies with new
methods thus need to be designed and carefully conducted
to resolve these conflicting data.

There is a strong correlation betweennigral dopaminergic
degeneration, cholinergic deficits within the limbic system,
and the premotor symptom hyposmia as shown by imag-
ing data [51, 52]. Odor discrimination is a hippocampus-
dependent task [53] and hippocampal dopaminergic hypoac-
tivity correlates with hyposmia in PD [54]. However, in
addition to the early neuropathological involvement of the
OB during the course of PD, direct studies about alterations
of the OB in PD suggest that pathogenesis of hyposmia
may also take place within the OB. The OB volume was
found to be reduced in a post-mortem study of 7 PD
patients and 7 controls [55]. Other studies, however, found
unchanged OB volumes in PD patients on MR-imaging [56]
and histopathologically along with an increased number of
dopaminergic OB neurons [57, 58]. In summary, currently
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available data suggest a complex pathogenesis of hyposmia
in PD involving the OB and potentially secondary brain
structures.

With regard to hippocampal neurogenesis, the density
of nestin- and beta3-tubulin-positive cells was found to be
reduced in the DG of 3 patients with PD and in the DG
of 5 patients with PDD when compared to 3 controls [39].
Similarly, in the DG of 6 patients with DLB, the number of
Sox2-positive putative stem cells was decreased, as compared
to 6 controls [59]. The involvement of the hippocampus in
nonmotor symptoms of PD has gained increasing attention.
Fatigue and depression have been related to hippocampal
serotonergic dysfunction by positron emission tomography
with specific metabolites of serotonergic metabolism [60, 61].
Besides, the hippocampus is modulated by dopaminergic
input from the ventral tegmental area and the olfactory
bulb and by noradrenergic input from the locus coeruleus
and may thus be involved in drive and mood regulation
[62]. Cognitive deficits in PD are heterogeneous and have
mainly been implicated in cholinergic and noradrenergic
dysfunction involving hippocampal functions (reviewed in
[63]). The extent of hippocampal LB pathology correlated
with the degree of dementia in PD patients [64]. Significant
hippocampal atrophy is seen onmagnetic resonance imaging
of patients with PDD when compared to nondemented PD
patients (reviewed in [65]). Alterations of hippocampal con-
nectivity by diffusion tensor imaging in PDpatients predicted
the emergence of declarative memory deficits [66] indicating
that altered plasticity may be one of the reasons for structural
changes. In summary, hippocampal dysfunction is common
in PD patients and likely contributes to depression and
cognitive impairment. As both of these nonmotor symptoms
have been related to defects in adult neurogenesis, more
research about human hippocampal neurogenesis in PD is
needed to prove a causal role.

3. Lesion Models of PD

In contrast to the limited amount of data and material from
human PD brains, many studies have been conducted in PD
animal models, mainly in rodents. Stereotactic delivery of
6-hydroxydopamine (6-OHDA) into the SN or the medial
forebrain bundle leads to lesions of the striatonigral pathway
and thus replicates the striatal dopaminergic deficit [67]. Dif-
ferent studies have shown a negative impact of dopaminergic
deafferentation onneural progenitor cell (NPC) proliferation,
probably due to decreased input via D2L-receptors [39, 40,
42, 43, 68]. Despite a decrease in SVZ proliferation in the
6-OHDA lesion model, the number of newly generated
dopaminergic neurons in the glomerular layer of the OB
is increased, paralleling the finding of higher numbers of
dopaminergic glomerular neurons in the OB of PD patients
[42]. Dopaminergic stimulation increases proliferation in
nonlesioned and lesioned rodents [43, 69]. Local application
of the growth factors EGF and FGF-2 not only enhances SVZ
proliferation but also induces striatal migration of NPCs [70–
72]. In contrast to the aforementioned results, two studies
found increased SVZ proliferation upon 6-OHDA lesion [73,
74].

Systemic administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) is another way of ablating
dopaminergic neurons via mitochondrial damage. Acute
administration of high doses results in decreased SVZ prolif-
eration along with an increased rate of apoptosis of migrating
neuroblasts [39, 75–77] which was confirmed in a study in
nonhuman primates [41]. In contrast, another group reported
increased rates of proliferation in the acute MPTP model
[78, 79] and chronic MPTP-treatment at lower doses did not
alter SVZ proliferation [46].

In summary, a definite statement about the precise effect
of dopaminergic lesions on SVZ proliferation cannot be
made, but a negative effect of dopaminergic depletion on
SVZ proliferation was a common finding. As mentioned in
the previous chapter, it remains disputable whether this also
holds true for PD patients.

4. 𝛼-Synuclein Transgenic Models of PD

Lesion models acutely damage dopaminergic structures and
result in a pronounced motor phenotype. Transgenic models
of PD exhibit milder but chronically progressive deficits
including nonmotor symptoms (reviewed by [80–83]). In
addition, transgenic models provide an insight into the
disease mechanism of relevant genes and proteins.

The protein 𝛼-synuclein has been causally linked to PD. It
is present in LB and LN [21, 84, 85] and different 𝛼-synuclein
mutations and duplications and triplications cause genetic
PD [86–92]. Common single nucleotide polymorphisms in
the 𝛼-synuclein locus are significantly associated with PD
[93, 94].

Adult neurogenesis has been studied in different 𝛼-
synuclein transgenic animal models. A transgenic mouse
model overexpressing human wild-type 𝛼-synuclein under
control of the PDGF𝛽 gene promoter exhibits widespread
accumulation within the central nervous system including
the hippocampus along with age-dependent memory deficits
[95, 96]. In these mice, the survival of newborn neurons is
compromised both in the hippocampus and in the olfactory
bulb, paralleled by increased levels of cell death in these
regions [97]. In mice overexpressing the familial 𝛼-synuclein
mutant A53T under the same promoter, the neurogenesis
deficit is even higher indicating increased toxicity due to the
mutation [98, 99].

In a different transgenic mouse model of synucle-
inopathies, 𝛼-synuclein is overexpressed under tetracycline-
regulatable control of the CaMKII𝛼 promoter which led
to neurodegeneration within the SN and the hippocampus
[100]. Similar to the PDGF𝛽promoter transgenic animals, the
survival of newborn neurons is impaired in the hippocampus
and in the olfactory bulb of these animals and in conditional
overexpressers of A30P-mutant human 𝛼-synuclein [100–
103]. Interestingly, transgene repression reversed the neuro-
genic deficit in overexpressers of wild-type 𝛼-synuclein in
the hippocampus, but only partially in the OB. In contrast,
transgene repression in A30P-mutant 𝛼-synuclein transgenic
mice reversed the neurogenic deficit in the olfactory bulb,
but not in the hippocampus. In principle, the partial restora-
tion of the neurogenic deficit indicates a survival deficit at
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the integration site rather than a persisting developmental
defect and proves in principal that 𝛼-synuclein pathology is
reversible.Thepersisting deficit of hippocampal neurogenesis
despite transgene repression in A30P-mutant 𝛼-synuclein
transgenic animals was related to the uptake of 𝛼-synuclein
from neurons into glial cells [102]. In addition, the A30P
mutation shows a higher propensity to form oligomers [104].
𝛼-Synuclein toxicity in general may be mediated by a prion-
like propagation.𝛼-Synuclein is released into the extracellular
space and can be taken up by neurons, NPCs, and astro-
cytes [105–107]. This may explain the continuous spread of
pathology in PD [20] and has to be kept in mind when
planning transplantation strategies [108, 109]. The finding
that glial A30P-𝛼-synuclein is not cleared upon transgene
repression suggests that 𝛼-synuclein propagated into glial
cells persistently impairs the integration of newborn neurons
independent of cell-autonomous expression of 𝛼-synuclein
within the neuron itself [102].

In a BAC-transgenic rat model, human 𝛼-synuclein gene
was expressed with its whole genomic locus [110]. These
rats exhibited early behavioral changes and a subsequent
progressive motor phenotype along with a marked decrease
of striatal dopamine content and nigral degeneration. The
number of newborn neurons in the glomerular layer of the
OB (mostly dopaminergic neurons) was increased in these
rats, paralleling preliminary results in humans and the 6-
OHDA lesion mouse model [42].

Themechanisms that lead to defective neurogenesis in 𝛼-
synuclein transgenic animals are still not well understood.
Transgenic overexpression of 𝛼-synuclein is accompanied
by decreased levels of Notch which may be mediated by
increased p53 signaling [111, 112].

There is growing evidence that oligomeric forms of 𝛼-
synuclein rather than LB and LN constitute the toxic species
in the process of 𝛼-synuclein aggregation [113]. Interestingly,
an artificialmutant of𝛼-synuclein that is highly prone to form
oligomers causes increased dopaminergic toxicity within the
SN and synaptic loss in a transgenic mouse model [114,
115]. Therefore, the specific effect of oligomeric species on
newborn neurons may be of interest to study pathogenic
events of synaptic integration in the future.

When studying survival of adult newborn neurons, one
has to keep in mind that a complex process of migration,
phenotypic transition, lineage determination, outgrowth, and
synaptic integration is involved,modulated bymany different
stimuli [116]. The survival of newborn neurons depends on
their proper integration and on a certain degree of synaptic
input activity (reviewed in [117]). The outgrowth of den-
drites and the formation of synaptic spines are prerequisites
for synaptic input. Indeed, dendritic morphology of adult
newborn neurons is significantly reduced in 𝛼-synuclein
transgenic animals [59] with an example shown in Figure 1.
In addition, the density of mushroom spines reflecting stable
synaptic input onto newborn neurons is reduced in these
animals.Therefore, increased cell death and reduced survival
of newborn neurons in 𝛼-synuclein transgenic animals may
be due to defects in outgrowth and synaptic integration.
Upon cell-specific overexpression of 𝛼-synuclein in new-
born neurons, dendrite outgrowth but not mushroom spine

Figure 1: Newborn neuron in the hippocampus of an 𝛼-synuclein
transgenic mouse labeled retrovirally with GFP. Scale bar 50𝜇m.

formation was decreased. This led to the conclusion that the
dendritic outgrowth defect is due to cell-autonomous effects
of 𝛼-synuclein. 𝛼-Synuclein may, for example, interfere with
dendritic outgrowth by direct interaction with microtubule
associated proteins and thereby disrupt microtubule assem-
bly and transport [118].The cAMP response element-binding
protein (CREB) pathway could also play a causal role since
its activation by the phosphodiesterase inhibitor rolipram
rescued the outgrowth defect [59]. Dystrophic LNs are a
common feature of PD pathology, but they represent a final
stage of neuritic degeneration and 𝛼-synuclein aggregation
[20, 119]. The defect of dendrite growth and spine formation
rather represents an early feature of PD pathology. Indeed,
synaptic dysfunction is an early feature in synucleinopathies
and is accompanied by loss of dendritic spines [120–122].
Transgenic overexpression of 𝛼-synuclein alters the vesicle
composition of the synapse (“vacant synapse”) and leads to
neurotransmitter release deficits [123]. Thus, the neurogenic
system in 𝛼-synuclein transgenic animal models represents
certain features of PD pathology and therefore constitutes a
model to study the effect of drugs on synaptic pathology and
cellular survival in PD.

It is still unclear whether the physiological function of 𝛼-
synuclein overlaps with its pathogenic effects in PD [124]. 𝛼-
Synuclein was originally described as a modulator of plastic-
ity and neurogenesis during songbird learning [125]. Knock-
out of 𝛼-synuclein in mice does not lead to an overt phe-
notype, but rather to minor changes of dopaminergic neu-
rotransmission, especially when 𝛽-synuclein is also deleted
[126, 127]. In line with this, 𝛼-synuclein knockdown by RNA-
interference in hippocampal neurons reduces the presynaptic
vesicle pool size [128]. Physiologically,𝛼-synuclein also exerts
neuroprotective functions, since deletion leads to increased
vulnerability to cysteine-string protein-𝛼 (CSP𝛼) deletion
and to nigral cell death [129, 130]. Therefore, it is not sur-
prising that neurogenesis is altered in 𝛼-/𝛽-synuclein double-
knockout mice [59]. Neuronal differentiation of newborn
neurons was increased, which may be caused by altered
dopaminergic signaling inputs from the perforant path [131].
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Overexpression of human 𝛼-synuclein in newborn neurons
in the 𝛼-/𝛽-synuclein-null background does not impair
dendrite outgrowth [59]. This suggests that a certain amount
of 𝛼-synuclein may be necessary to exert these pathological
effects, as indicated by the genetic PD forms due to gene
duplication and triplication.

5. LRRK2-Transgenic Models of PD

Mutations in leucine-rich repeat kinase 2 (LRRK2) are the
most frequent cause of genetic PD [132, 133]. Clinical and
neuropathological features of LRRK2-related PD are mostly
indistinguishable from idiopathic PD [134, 135]. Transgenic
overexpression of the entire human LRRK2 gene carrying the
mutant Gly2019Ser in a mouse model results in abnormal
dopamine signaling and increased levels of phosphorylated
tau [136]. In this model, LRRK2 was expressed at high
levels within the SVZ, OB, and the hippocampus which led
to a significant reduction of proliferation and survival of
newborn neurons within both neurogenic regions [137]. The
morphology of newborn hippocampal neuronswasmarkedly
impaired with reduced dendrite length and spine density. It
remains to be determined in the future whether common
mechanisms are involved in the 𝛼-synuclein and the LRRK2
models. LRRK2, for example, has been shown to directly
impair neurite outgrowth and dendritogenesis in C. elegans
and in mouse neurons [138, 139].

Similar to 𝛼-synuclein, adult hippocampal neurogenesis
was also studied in LRRK2-knockout mice [140]. Prolifera-
tion and survival of newborn neurons were not altered by
deletion of endogenous LRRK2, but there was a significant
increase of doublecortin-positive (DCX) neuroblasts with
higher dendritic complexity in the knockouts. This pro-
outgrowth effect may be either due to the direct effects of
LRRK2 on neurite outgrowth or due to enhanced integration
into the molecular layer of the dentate gyrus.

6. Clinical Implications of
Compromised Neurogenesis

Adult newborn neurons have been proposed to exert differ-
ent functions that partly overlap with premotor symptoms
observed in PD.

Data from rodent studies indicate a function of newborn
neurons in the adult hippocampus in depression. Depression
is a frequent symptom in PD patients that often predates the
onset of motor symptoms and was shown to have a high
impact on quality of life in PD [141]. Serotonergic inputs
to the hippocampus are decreased in PD-related depression
(reviewed by [65]). There are indications that adult neuro-
genesis, on the other hand, is impaired in depression and
that the effect of antidepressant therapy relies upon adult-
generated neurons which led to the “neurogenic hypothesis
of depression” [142–144]. A number of important studies
have shown that alterations in adult neurogenesis are not
the one single cause of depressive-like behavior; rather, the
dentate gyrus, including the adult generation of newborn
neurons, represents one part of a “mood-network” with other

hippocampal subregions, amygdala, thalamus, the anterior
pituitary, and other cortical and subcortical areas [145–148].
Data are mostly from preclinical models due to the method-
ological constraints of the investigation of adult neurogenesis
in humans, but both MRI and post-mortem studies have
shown reduced hippocampal volumes in major depressive
disorder [149, 150]. Epidemiological studies and the presence
of neurotransmitter imbalances in PD suggest depression as
a specific nonmotor symptom in PD rather than a reactive
pathogenesis due to impairedmobility [151]. Likewise, cogni-
tive disturbances in PD (which are also related to pathology
within the limbic system including the hippocampus) may be
partly caused by alterations in adult neurogenesis. In fact, the
most important function of adult hippocampal neurogenesis
in rodents is the ability of memorizing two temporally related
events (pattern separation [152, 153]). In light of this overlap
with PD premotor symptoms and the known involvement
of the hippocampus, changes in the plasticity of newborn
neurons may contribute to the pathogenesis of depression
and of cognitive decline but certainly needmore investigation
[154].

Regardless of the causal role of adult newborn neurons
in PD pathology, strategies to reverse the observed neu-
rogenesis defects might have therapeutic implications. In
a recent paper, adult neurogenesis was rescued by chronic
oral treatment with the selective serotonin reuptake inhibitor
(SSRI) fluoxetine which is in routine use as antidepressant
[99]. In fluoxetine-treated transgenic animals, proliferation,
number of Sox2-positive progenitor cells, the number of
DCX-positive neuroblasts, and the number of surviving
newborn neurons were all restored to the level of fluoxetine-
treated nontransgenic animals. As the levels of transgenic
𝛼-synuclein were unchanged upon treatment, the effects of
fluoxetine rather made newborn neurons resistant to the
deleterious effects of 𝛼-synuclein. This effect was paralleled
by increased levels of the growth factors BDNF and GDNF
which are both investigated in preclinical models of PD [155–
157]. Fluoxetine treatment also showed marked benefits in a
transgenic animal model of atypical PD expressing human 𝛼-
synuclein under control of the myelin basic protein promoter
[158]. SSRIs are often prescribed in depression including
depression in PD; however, detailed studies about the clinical
effect in PD patients are lacking. Dual modulation of the
serotonergic pathway has been shown to accelerate the onset
of antidepressant action on adult neurogenesis and may
therefore also be tested in PD models [159].

Pharmacological screens have identified small molecules
with a strong impact on adult neurogenesis [160], but the
application in PD models has not been tested so far.

Physical activity, a known strong inducer of adult neu-
rogenesis, was found to be another strategy to reverse PD-
related alterations of adult neurogenesis as observed in the
LRRK2-transgenic mouse model of PD [137]. Interestingly,
deletion of the serotonin gene abolishes the proneurogenic
effects of running indicating overlapping mechanisms and
a causal role of serotonin in exercise-induced neurogenesis
[161]. Different kinds of physical activity had positive effects
on executive function and, to a limited degree, on cognition
in PDpatients and in lesionmodels of PD (reviewed by [162]).
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The activity-related rescue of adult neurogenesis may also be
affected by disease pathology, as observed in a mouse model
of Huntington’s disease [163]. Therefore, investigation of the
effects of physical activity on adult hippocampal neurogenesis
in more PD models will be necessary.

In addition, there are speculations that counteracting
inflammatory processes in PD may halt disease pathology.
While epidemiological clinical studiesmay indicate a reduced
PD risk after use of nonsteroidal anti-inflammatory drugs
(NSAIDs) but have not been conclusive due to method-
ological difficulties [164, 165], it is widely accepted that
neuroinflammation is involved in PD pathogenesis [166].
Neuroinflammatory activation is not confined to the substan-
tia nigra but is found along with the progressing pathology of
the disease [167]. This holds especially true for the olfactory
bulb, where microgliosis is found in the olfactory bulb of PD
patients [168] and mouse models [169]. The limbic system
also shows an increased number of activated microglia in
PD [170]. Notably, neuroinflammation induced by irradiation
[171] or cortical injection of lipopolysaccharides [172] nega-
tively regulates adult hippocampal neurogenesis. Moreover,
the proinflammatory cytokine TNF-𝛼 impairs proliferation
of neural progenitor cells in vitro [173]. Levels of TNF-
𝛼 were found to be elevated in the serum of PD patients
[174] and were associated with the presence of the nonmotor
symptoms depression and anxiety in PD [175]. Thus, inflam-
matory processes in the neurogenic regions may contribute
to the decline of neurogenesis in different transgenic animal
models. A detailed analysis of inflammatory changes in
the neurogenic regions of these models is still lacking but
may represent one of the mechanisms contributing to the
neurogenesis deficits. Adult neurogenesis itself is regulated
by inflammatory activation and sophisticated studies showed
both pro- and anti-inflammatory effects for different subtypes
of microglia [176–178]. Interestingly, the modulation of adult
neurogenesis by physical activity and enriched environment
also seems to be dependent on microglial function [179, 180]
which again underlines the need for a better understanding
of microglial activation in the neurogenic niche in PD.
Although the precise contribution of microglial activation
to PD pathology is still elusive and may function as a mul-
tiplier of PD-associated neurodegeneration, an interaction
between microglia and adult neurogenesis in the PD brain is
likely.

7. Future Research

In summary, many studies in animal models have shown
effects of PD pathology on the adult generation of newborn
neurons, in part with conflicting results owing to different
experimental conditions. Data on adult neurogenesis in
human PD are still scarce but will be important to validate
experimental findings. In the future, novel techniques will
facilitate analysis of adult neurogenesis in animals and in
patients [181, 182]. In addition, the discussed models of
impaired neurogenesis in PD will serve as drug screening
platform to validate drugs aimed at modifying the course of
PD.
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Speculations on the involvement of hippocampal neurogenesis, a form of neuronal plasticity, in the aetiology of depression and the
mode of action of antidepressive therapies, started to arisemore than a decade ago. But still, conclusive evidence that adult neuroge-
nesis contributes to antidepressive effects of pharmacological and physical therapies has not been generated yet.This review revisits
recent findings on the close relation between the mode(s) of action of electroconvulsive therapy (ECT), a powerful intervention
used as second-line treatment of major depression disorders, and the neurogenic response to ECT. Following application of electro-
convulsive shocks, intricate interactions between neurogenesis, angiogenesis, andmicroglia activation, the hypothalamic-pituitary-
adrenal axis and the secretion of neurotrophic factors have been documented. Furthermore, considering the fact that neurogenesis
strongly diminishes along aging,we investigated the response to electroconvulsive shocks in young aswell as in aged cohorts ofmice.

1. Electroconvulsive Therapy and Major
Depression Disorders

Major depression is one of themost common forms ofmental
disorders in humans. Hereditary and environment-triggered
forms of this disease lead to a severe decline of life quality
and might elicit life-threating events like suicide attempts.
Despite the constant development and improvement of
antidepressive drugs, a compound providing fast and long-
lasting pharmacological efficacy in most patients is still lack-
ing. Although the binding specificity for recently developed
drug-classes, for example, selective serotonin noradrenalin
reuptake inhibitors (SSNRIs), has been improved further,
concerns regarding their side effects, such as the increased
risk of suicide, must be heeded.

Electroconvulsive therapy (ECT) as an alternative treat-
ment offers a safe, rapid, and potent therapy to severely

depressed patients. ECT-associated side effects, like cognitive
impairments, are transient and may slightly vary from one
ECT-protocol to the other [1, 2]. ECT was firstly performed
by Ugo Cerletti and Lucio Bini in 1938 [3] and induces
rapid improvements on mental disorders. In contrast, stan-
dard pharmacological antidepressive treatments, such as
the administration of selective serotonin reuptake inhibitors
(SSRIs), commonly show their first efficacy weeks after initi-
ation and are dependent on individual features such as sex,
treatment, or disease pattern [4, 5]. Since the introduction
of ECT in the clinic, several parameters, such as electrode
placement, pulse width, and pulse shape were improved in
order to optimize efficacy and minimize side effects [6–
8]. Nowadays, ECT has several indications, for instance,
psychotic and melancholic depressions, malignant catatonia,
and delirious mania [9]. Nevertheless, ECT is predominantly
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used in severe cases ofmajor depression as a second line treat-
ment following failure of pharmacological approaches [10].
Overall, according to meta-analyses of clinical studies ECT
was reported to be significantly more effective in depressive
disorders compared to pharmacological treatments [2, 11].

2. Are Neurogenesis and Antidepressive
Activity Linked?

Adult neurogenesis, the generation of new neurons, takes
place in numerous mammalian species, including humans
[12, 13]. Neurogenesis occurs in at least two specific areas of
the adult brain, namely, the dentate gyrus of the hippocampus
and the subventricular zone (SVZ) of the lateral ventricles. In
these so-called neurogenic niches, neural stem cells (NSCs)
can on the one hand divide symmetrically, leading to two
daughter stem cells and on the other hand perform an
asymmetric division resulting in a daughter stem cell and a
rapid amplifying progenitor cell. Depending on the microen-
vironment and surrounding factors, these progenitor cells
can, over a period of three to four weeks in rodents, mature
into neuronswhich integrate into existing neuronal networks.
Along aging, the number of neural stem and progenitor cells
declines significant and various steps of neurogenesis (e.g.,
proliferation, survival, or maturation) get decelerated [14–
16]. The cause for the decreased levels of proliferation in
old individuals is still under debate. Putative mechanisms
could lengthen cell cycles, deplete progenitor cells in the hip-
pocampus, or cause their quiescence [14]. Additionally, events
such as depression or stress strongly reduce the hippocampal
potential for plasticity [17]. Environmental changes, however,
can counteract this decline by stimulating neurogenesis and
probably lead to healthy aging [18, 19].

To elucidate the mechanisms by which ECT leads to
antidepressive effects, preclinical research has primarily
made use of experimental electroconvulsive shock (ECS), the
animal model counterpart of ECT. A strong enhancement
of neurogenesis has been observed in various species fol-
lowing experimental ECS treatments [20, 21]. Several studies
indicated a close relation between hippocampal function and
mood regulation. The observation of an antidepressive-like
effect and an upregulation of hippocampal cell proliferation
upon experimental ECS raised speculations on the partici-
pation of neurogenesis in the antidepressive mode of action.
However, evidence for a direct participation of neurogenesis
in antidepressivemechanisms still remains to be convincingly
demonstrated [17].

Based on various correlations observed in experimental
ECS animal studies, several hypotheses like the stimulation of
neurogenesis, the restoration of hippocampal volume, mod-
ulations of neurotransmitter and hormone levels, changes in
angiogenesis, and cerebral blood flow have been formulated
to account for the antidepressive action of ECT. In this report,
we revisited the impact of experimental ECS on neurogenesis
and speculate on the mechanisms leading to its upregulation,
which may be also involved in ECT’s antidepressive effects
in patients. Moreover, the influence of aging on the impact
of ECT/experimental ECS and neurogenesis has been scruti-
nized in more detail.

3. Enhanced Neurogenesis following
Antidepressive Treatment: Effect or Side
Effect of the Therapy?

Numerous groups reported a close relation between adult
born hippocampal neurons and antidepressive effects [22].
Chronic administration of antidepressants, which counteract
the negative behavioural effects of chronic stress, leads
reportedly to an upregulation of neurogenesis [23]. Addi-
tionally evidence supporting the involvement of neurogen-
esis in the mode of antidepressant action has subsequently
been revealed by Santarelli and colleagues, showing that
deletion of neurogenesis in mice via hippocampal X-ray
irradiation ablated the behavioural response to the antide-
pressants imipramine and fluoxetine [24]. However, further
experiments displayed that the ablation of hippocampal
neurogenesis per se does not elicit a depressive phenotype
[25–28]. Besides, it could be shown by Sah and colleagues,
using a mouse model of increased anxiety, that rather the
levels of neuronal activity in the dentate gyrus than the rates
of neurogenesis correlate with the depression-like behaviours
[29].

To evaluate studies addressing experimental ECSworking
mechanisms, it is noteworthy that most studies have been
performed in healthy animals and only occasionally in animal
models based on chronic stress. These situations certainly
differ from the complex conditions pertaining in patients
with mental disorders like major depression. Despite this,
biological effects of experimental ECS on the central nervous
system (CNS) in animals can be monitored properly. Taken
together, the accumulated evidence suggests that depression
does not result from an impaired neurogenesis but that the
addition of new neurons in the hippocampal circuitry may
facilitate the action of antidepressants.

It is intriguing that the delayed behavioural response to
common antidepressant drugs, for example, SSRIs, in rodents
coincides with the delayed upregulation of neurogenesis, that
is, after approximately three weeks [30]. Similarly, the rapid
antidepressive action of experimental ECS is associatedwith a
rapid stimulation of neurogenesis, which follows after the first
treatment [31]. In this context, the enlargement of the imma-
ture neuron population may be involved in the behavioural
response.These immature cells have been demonstrated to be
highly excitable compared tomature neurons [32].Therefore,
stimulation by lower input intensity could lead to a higher
input sensitivity of the whole surrounding network.

Nonetheless, one should not get the impression out
of these speculations that depression is exclusively a hip-
pocampal disorder. The involvement of additional cerebral
structures, such as the amygdala, the frontal cortex, and the
thalamus, has been well documented in studies revealing
structural abnormalities and disbalances of neurotransmit-
ters [33–35]. Hence, ECT is likely to act on numerous cerebral
structures, possibly stimulating their neuronal plasticity. In
this respect, pharmacological antidepressive treatments were
shown to restore the mechanism of long term potentiation
(LTP) [36, 37], which is impaired in depressed patients and
animalmodels with depressive-like behaviours. As previously
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Figure 1: Differentiation and maturation of adult neural stem cells. The process from stem cell division to the fully integrated mature
neuron in the dentate gyrus takes approximately 30 days in rodents. Specific markers characterize the various maturation stages (e.g., DCX
for neuroblasts). Experimental ECS or pharmacological treatments can influence neurogenesis at various stages; experimental ECS is also
reported to activate quiescent stem cells.

demonstrated for pharmacological treatments, ECT might
stop dendritic atrophy [38, 39] or increase dendritic spine
density in various cortical and limbic structures [40, 41].
In the hippocampus, plasticity is not restricted to synaptic
plasticity but also involves cellular plasticity, that is, neuroge-
nesis. Asmentioned above, an enhancednumber of immature
neurons may increase excitability of the hippocampus and
putatively associated areas of the limbic system as well.
Alternatively or in addition, ECT might rewire existing
neuronal networks, for example, via sprouting of mossy
fibers, that is, axonal projections of the granular neurons to
the CA3 pyramidal neurons in the hippocampus, restoring
thereby functionality of limbic and cortical circuits. Although
it remains to be definitely demonstrated that upregulation
of neurogenesis contributes to the antidepressive action,
levels of neurogenesis could become a surrogate marker to
predict andmonitor the patients’ response to treatment. Even
though adequate protocols for in vivomeasurement of human
neurogenesis are not existent yet, efforts have been recently
deployed using magnetic resonance spectroscopy (MRS) [42,

43] and positron emission tomography (PET) using labelled
tracer [44].

4. Differences in ECS and Pharmacological
Treatment on Neural Stem Cells

The finding that experimental ECS strongly induces hip-
pocampal neurogenesis in various mammals, including
rodents and nonhuman primates, triggered the idea of using
ECS tomodulate the pool of neural stem and progenitor cells.
Pharmacological antidepressive treatments, like fluoxetine
administration, act mainly on amplifying neural progenitors
(ANPs) [45]. In contrast, it has been postulated that experi-
mental ECS can in addition shove quiescent neural progeni-
tors (QNPs) from their resting phase to a proliferative status,
thereby increasing the pool of active stem cells generating
new progenitor cells [46, 47] (Figure 1). Importantly, new
neurons generated upon experimental ECS-treatment do not
differ in fate or phenotype as compared to neurons generated
under physiological conditions [31]. Hence, new neurons
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generated following experimental ECS mature and integrate
in the existing neuronal network and form appropriate
synapses [48, 49].

5. Age-Dependent Response to ECT

To date, most experimental ECS studies were performed in
young animals, even though depressive episodes must be
addressed also in aged individuals. As a group, in which
major depression disorders are increased and often under-
diagnosed, the elderly could especially benefit from ECT. On
the one hand, this population is often poly-medicated, which
increases the risk of adverse drug interaction upon additional
pharmacological interventions. On the other hand, ECT
offers an alternative to classical pharmacological antide-
pressants, which fail as first line treatment in the aged
population in up to 77% [50]. This lack of response to
antidepressant drugs might be exacerbated by age-related
physiological changes, such as decreased concentrations of
acetylcholine and dopamine, increased level of monoamine
oxidase activity, or increased concentration of cortisol due to
a dysregulation of the hypothalamic-pituitary-adrenal (HPA)
axis [50]. Remarkably, repeated ECT treatments have shown
to be as effective as pharmacological antidepressive therapy in
avoiding relapse in aged individuals [51]. Nevertheless, both
pharmacological and ECT-based approaches benefit from a
multimodal therapy concept complemented by physical and
mental exercises, psychological therapy, and resocialisation.

So far, the mechanisms by which experimental ECS and
antidepressant drugs interfere with cells of the neurogenic
niches could not be fully deciphered. Both types of antide-
pressive treatments have been reported to increase the num-
ber of proliferating cells in the hippocampus and promote the
maturation of neuronal progenitors [5, 20, 30, 52]. Under our
experimental ECS paradigm, we could demonstrate a highly
significant increase of cell proliferation in the dentate gyrus of
mice from the young and aged groups (for details please see
section Material and Methods) (Figure 2). In the 20-month-
old mice, ECS increased the number of BrdU-labelled cells
by more than sixfold as compared to the aged sham-treated
mice, whereas in the 2-month-old mice the increase was
roughly a doubling. Most of the BrdU+ cells were located in
the subgranular zone of the dentate gyrus, the place where
neural stem cells are resident. Intriguingly, those BrdU+
cells in the 20-month-old group expressed neither Nestin,
a marker for neural stem cells, nor Doublecortin (DCX), a
marker for neuronal progenitors. It is possible that in aged
individuals the maturation steps from stem cells and early
progenitors to immature neurons expressing DCX are slowed
down. Further studies need to address kinetics and fate of
newly generated cells after experimental ECS, especially in
aged individuals.

6. How Neurogenesis May Be Supported by
Modulation of Microenvironment

Neural stem and progenitor cells are embedded in a complex
cellular niche with tight regulatory interactions between the
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Figure 2: Representative micrographs showing the detection of
BrdU-labelled cells in the dentate gyrus of a 2-month-old mouse
from (a) the sham group or (b) the experimental ECS group. Scale
bar: 200 𝜇m. (c) The number of BrdU+ cells was determined to
estimate the rates of cell proliferation in the dorsal DG of 2- and 20-
month-old mice. Both groups showed a highly significant enhance-
ment in cell proliferation following experimental ECS-treatment.
Two months, 𝑃 < 0.0001 (∗∗∗); 20 months, 𝑃 = 0.0004 (∗∗∗).

different cellular partners. Not only is this microenvironment
exposed to factors delivered by the blood system but also
stem and progenitor cells are in close contact with cells
forming and surrounding the blood vessels such as pericytes
and astrocytes [15, 53]. This organization referred to as the
neurovascular unit is involved in the precise regulation of
neurogenesis [54]. It is well documented that endothelial
cells, astrocytes, and microglia modulate the behaviour of
stem and progenitor cells [55–57]. The impact of experimen-
tal ECS on these cell populations was therefore examined. In
mice and nonhuman primates, histological staining revealed
that experimental ECS increases the expression level of GFAP
as well as the number of cells expressing this astrocytemarker
in the hippocampus [20, 47, 58]. In our own experiments, we



Neural Plasticity 5

(a)

(b)

Sham
ECS

2 20

(months)

∗

ns

80

60

40

20

0

G
FA

P+
su

rfa
ce

 in
 D

G
 (%

)

(c)

Figure 3: Detection of GFAP in the dentate gyrus of (a) sham-
treated or (b) ECS-treatedmouse of the 2months of age cohort, scale
bar in (a) 100𝜇m. (c) Graph showing percentage of area covered by
GFAP-expressing cells in the granular layer of dentate gyrus in 2-
and 20-month-old mice following ECS or sham treatment. A two-
way ANOVA detected a significant increase of the GFAP expression
upon experimental ECS (𝑃 = 0.0043 (∗∗)). Bonferroni post hoc
test revealed that the significance resulted from differences in the
2-month-old group (𝑃 < 0.05).

focused on GFAP+ cells in the granular layer of the dentate
gyrus of 2- and 20-month-old mice. Overall, experimental
ECS-treatment increases the expression ofGFAP significantly
(Figure 3). A detailed analysis of our data showed an age
dependent effect of this treatment; hence, only the 2-month-
old group of mice showed a significant increase of GFAP-
expression. Some recent studies demonstrated that GFAP-
expressing cells in the cortex could be triggered to become
multipotent neural progenitors [59]. It remains to be eluci-
dated if experimental ECS and ECT can recruit a pool of
quiescent progenitors within the hippocampus and thereby
increase neurogenesis.

Microglia, the immune cells of the CNS, have been shown
to influence neurogenesis [60]. Within the granular layer in

the dentate gyrus of young and old mice we detected cells,
expressing the ionized calcium-binding adaptor molecule 1
(Iba1), a marker for microglia cells. With our experimental
setup, we observed no increase in the amount of Iba1+ cells in
the dentate gyrus (2 months: sham 13885 ± 1606 cells/mm3
versus ECS 12656 ± 2480 cells/mm3 𝑃 = 0.511; 20
months: sham 10753 ± 955 cells/mm3 versus ECS 11750 ±
1696 cells/mm3 𝑃 = 0.385); however, the experimental ECS
enhanced the volume of Iba1+ cells significantly (Figure 4).
These enlarged microglia, namely, hyper-ramified, constitute
an intermediate state between resting and activated [61]. Such
enlarged microglia have been previously reported to appear
after experimental ECS-treatment in rodents [62]. Further-
more, Jansson et al. reported an upregulation of MHCII in
microglia following experimental ECS, which also suggests
an activation of these immune cells. The group proposed
that theseMHCII-expressing microglia play a significant role
for maintenance of neurogenesis in the hippocampus. Taken
together, these observations indicate that experimental ECS
modulates the microglial activation state to the benefit of
neurogenesis and therefore potentially contributes also to the
antidepressive effect.

7. Blood System and Its Role in ECT

The antidepressive action of ECT can most likely not be
reduced to a single mechanism, but results from the syner-
gistic cooperation of several processes and factors involving
neurogenesis, modulation of blood supply and angiogenesis,
corticosteroids, brain-derived neurotrophic factor (BDNF),
vascular endothelial growth factor (VEGF), and so forth.
Indeed, a closer look at these putativemodes of action reveals
close interconnection between the different systems. For
instance, proliferation of stem cells located in the neurogenic
niches can be modulated by factors delivered via the closely
associated vasculature [63]. In aged mice, we showed that
neurogenesis is downregulated by blood derived signalling
molecules that are delivered through the vessels. However,
neurogenesis can be reactivated by the introduction of young
blood into the circulation via direct serum injection or
heterochronic parabiosis [64].

Considering that neurogenic niches are closely apposed
on blood vessels delivering nutrients and numerous fac-
tors, it is noteworthy that comorbidities between cardio-
vascular diseases and depression have been reported in
numerous studies (e.g., see [65, 66]). Moreover, PET imag-
ing revealed that ECT treatment transiently changes local
cerebral blood flow, leading to an increase in the brain
stem, diencephalon and basal ganglia for instance [67].
Yet, the so-called blood-brain barrier (BBB) constitutes a
barrier controlling the molecular exchange between the
circulating blood and the brain parenchyma (reviewed, e.g.,
by Ilbay and colleagues [68]). Roughly speaking, the BBB
prevents under physiological conditions the diffusion of large
and/or hydrophilic molecules but allows for the passage of
hydrophobic molecules and substances having their specific
transporters, for example, glucose. Neuropathological distur-
bances like stroke or epileptic seizure, can lead to leakage of
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Figure 4: (a)Detection ofmicroglia in the granular layer (GL) of a 2-month-oldmouse based on the expression of Iba1 (white) (ML:molecular
layer). Scale bar: 50𝜇m. (b) Microglia volume was estimated according to the percentage of the surface covered by Iba1+ labelling in the
granular layer of 2- and 20-month-old mice following ECS or sham treatment. Two-way ANOVA revealed upon ECS a significant increase
of Iba1-labeled surface in the dentate gyrus of both age groups (𝑃 = 0.0475).

this barrier [68]. Under these conditions, various circulating
molecules can diffuse out of the blood vessels and thereby
change the microenvironment of the brain parenchyma and
of the neurogenic niches.

It has been proposed that experimental ECS leads to a
greater permeability of the BBB, enabling an influx of blood-
derived factors into the parenchyma. However, leakage of the
BBB has not been observed as an acute effect of experimental
ECS but was rather seen following several experimental ECS
sessions in rodent models [69]. For instance, no increased
permeability to Evans Blue was reported by Oztas and collab-
orators following a single experimental ECS treatment; how-
ever, BBB leakage could be recognized after ten experimental
ECS-sessions [70]. The potential BBB leakage after ECT was
furthermore analysed in humans using different tracers for
PET imaging by Bolwig and colleagues, who concluded that,
due to changes in local cerebral blood flow and potentially
from the leakage of newly formed capillaries, proteins could
pass more easily out of the blood vessels following ECT [71].
In a subsequent study on the experimental ECS-induced BBB
leakage in rats, Sartorius and colleagues reported elevated
BDNF levels in the serum as well as the prefrontal cortex
and the hippocampus after five experimental ECS sessions.
According to their hypothesis, a fraction of the parenchymal
BDNF originated from the blood circulation and crossed
the BBB after experimental ECS [72]. Hence, enhanced BBB
permeability might contribute to the beneficial impact of
repeated ECT session, yet the rapid induction of neurogenesis
seen after a single experimental ECS session is unlikely linked
to an early failure of the BBB integrity.

Strikingly, Hattiangady and colleagues reported that the
number of neural stem cells in the dentate gyrus is not
decreasing with age, but only their activation state, which was
shown to be closely dependant on the distance of stem cells to

the next blood vessel [73].Therefore, experimental ECSmight
upregulate neurogenesis by promoting a closer association of
stem cells to the blood vessels. Angiogenesis, the generation
of new blood vessels, is tightly regulated during development
and in the adult brain by numerous factors in a similar
fashion to neurogenesis [74]. In the healthy brain, the density
of blood vessels remains relatively stable during adulthood
[75]. However, increased angiogenesis (and neurogenesis)
was observed in SSRI-treated patients suffering from major
depression [74]. Similarly, experimental ECS treatment was
reported to promote the elongation of existing vessels and to
increase their density in the stratum lacunosum moleculare
(SLM), a subregion of the hippocampal molecular layer [76,
77]. However, within the granular layer of the dentate gyrus,
that is, in the vicinity of stem and progenitor cell somas,
we did not detect an increase of the blood vessel density
upon experimental ECS treatments (Figure 5). Nevertheless,
an enhanced vascularization in the molecular layer could
intensify the delivery factors to the tip of radial stem cells
or to the dendritic trees of granular neurons for retrograde
transport and signalling. Alternatively, factors secreted in the
molecular layer could act on other cells types capable of neu-
rogenesis modulation, for example, astrocytes and microglia.
Furthermore, Newton et al. proposed that endothelial cells
per se can influence neurogenesis by secreting factors acting
on neural stem and progenitor cells [77].

8. Neurogenesis and the Normalisation of
the HPA-Axis

The crosstalk between neurogenesis and the ECT putative
modes of action is further exemplified by the modula-
tion of the hypothalamic-pituitary-adrenal-axis (HPA-axis)
signalling during depression and its interaction with the
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Figure 5: (a) Detection of blood vessels in the granular layer of the dorsal dentate gyrus with B. simplicifolia lectin (red) (inset, overview of
the dentate gyrus with position of the field of view, ML: molecular layer, GL: granular layer). Scale bar: 50 𝜇m. (b) No significant differences
in blood vessel density could be detected following ECS. Interestingly, aged brains had a slightly decreased vessel density compared to the
younger group (𝑃 = 0.0122).

neurogenesis [78–81]. In depressed patients, the regulation
of the HPA-axis is heavily disturbed. The malfunction of
the negative feedback mechanisms results in an excessive
secretion of the hormone cortisol. Interestingly, increased
levels of cortisol and defective HPA-axis response were also
reported in aged individuals [82]. In general, the level of
glucocorticoids negatively correlates with the proliferation
rates of neural stem and progenitor cells which possess the
receptors for glucocorticoid and mineralocorticoids [83, 84].
Surget and colleagues established an important link between
neurogenesis and the antidepressive effect of fluoxetine by
identifying a direct correlation between newly generated
neurons and the restoration of adequate control on the
HPA stress response system [85]. The report demonstrated
namely that the generation of new neurons is required for
the function of the negative feedback loop of the HPA-
axis, while others critically discuss a direct correlation [86].
Interestingly, high levels of cortisol have also antiangiogenic
properties [87]. Long-lasting elevated cortisol levels, such
as in the aged individual, have been proposed to induce
epigenetic alterations in neural stem and progenitor cells,
which could lead to their long term quiescence and therefore
to a significant reduction of neurogenesis [88].

Preclinical research on experimental ECS has been per-
formed often in young and healthy animals, which do not
show signs of depressive behaviour. For a better under-
standing of the processes taking place in the depressed
brain and the impact of ECT on the CNS, adequate ani-
mal models showing depressive-like behaviour with ele-
vated corticosteroid-levels should be selected. This could be
achieved artificially by direct injection of corticosteroids.
Application of large doses of corticosteroids was reported
to inhibit neurogenesis in a rat model. In this model, cell
proliferation in the dentate gyrus could be restored to

physiological levels by experimental ECS treatment [89].
Hence, experimental ECS may be indirectly involved in
the normalization of the HPA-axis regulation through the
activation of neurogenesis.

9. Release of Signalling Factors following
Experimental ECS and ECT

In animal models, experimental ECS activates additionally
neurons of the hypothalamic-pituitary-system, namely, the
paraventricular nucleus, supraoptic nucleus, and ventrome-
dial nucleus (PVN, SON, and VMH), which regulate the
secretion of diverse depression-relevant HPA-axis-related
hormones, such as adrenocorticotropin, neuropeptide Y
(NPY), prolactin, and vasopressin [62, 90–94]. It has been
reported that NPY concentrations were decreased in the
cerebrospinal fluid (CSF) of depressed patients, but through
ECT treatments the level could be normalized again [95–97].
The link between NPY and depression was further validated
in rodents, in which a direct administration of NPY into the
lateral cerebral ventricles led to an antidepressive effect [94].

In addition to the modulation of HPA-related neuropep-
tides, experimental ECS treatment leads to higher concentra-
tion of several neurogenic/neurotrophic factors like BDNF,
VEGF, neuritin, nerve growth factor (NGF), and fibroblast
growth factor 2 (FGF2) within the CNS [46, 98–100]. A
stronger secretion of these factors and the induction of cell
proliferation can be observed even after a single experimental
ECS; however, the proliferation level will further increase
with multiple experimental ECS sessions [21, 101, 102]. The
biological activities of factors induced by experimental ECS
are manifold. For instance the neurotrophic factor neuritin,
which is one of the most upregulated genes in the granule
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Figure 6: (a) Overview of a murine hippocampus with its substructures cornu ammonis (CA) 1–3, lateral ventricle (LV), stratum lacunosum
moleculare (SLM), molecular layer (ML), granular layer (GL), and the hilus. Scale bar: 200 𝜇m. (b) Volume of the dorsal dentate gyrus of
2- and 20-month-old mice following ECS or sham-treatment. Young mice showed a significant increase of volume after ECS (2 months,
𝑃 = 0.002 (∗∗); 20 months (ns)).

cell layer of the dentate gyrus following experimental ECS,
induces neurite outgrowth [103]. Other upregulated factors,
like FGF-2, possess mitogenic, neurotrophic, and neuro-
protective capabilities [104]. Finally, VEGF, besides being
one of the most potent angiogenic factors, also promotes
neurogenesis after experimental ECS [46, 63, 105, 106].

Importantly, experimental ECS treatments increase the
levels of BDNF in areas of the brain relevant to depression,
such as the entorhinal cortex and the hippocampus [99, 107].
The observation that the infusion of BDNF into the midbrain
or hippocampus led to an antidepressive effect substantiated
the role of BDNF in experimental ECS mode of action [108,
109]. BDNF was also shown to increase synaptic strength,
neuronal survival, and integration but not the proliferation
[110, 111]. In animal models receiving chronic administration
of antidepressant drugs, the appearance of the antidepressive
activity coincided with the increase of BDNF concentrations
and relied on TrkB-signalling [112]. Interestingly, secretion of
proBDNF, the precursor of mature BDNF, was increased in
rat hippocampal synaptosomes even after one experimental
ECS session and could be further enhanced by repeated
sessions [113].

The neurogenic impact of BDNF not only is dependent
on its net concentration in the brain but also is determined
by the BDNF subtypes expressed. BDNF has at least 34
different transcripts, which can be translated tomature forms
of BDNF [114]. Alternative and age dependent regulation in
various brain regions and involvement of BDNF in diverse
functions complicated the analysis of BDNF signalling [115].
It is noteworthy that a polymorphic variant of BDNF (G169A)
might associate with major depression and carriers of this
polymorphismwere observed to have a reduced hippocampal
volume. Nevertheless, these individuals do not differ in their

response to ECT in comparison to other depressed patients
[116].

10. Gain of Hippocampal Volume following
Experimental ECS and ECT

Several studies pointed out a significant hippocampal atrophy
in depressed patients and animal models of depression
[117–121]. This decline of hippocampal volume could be
directly correlated with the duration of untreated depression
[120]. Postmortem studies revealed that the hippocampal
volume reduction originated from a reduction of neuronal
volume and of the glial density [122–124]. Nevertheless, a
normal hippocampal volume could be regained following
ECT-treatment of depressed patients [125]. Interestingly, the
hippocampal volume could also be significantly increased by
ECS session in nondepressed rodent and non-human primate
models [20].

As mentioned above, the brains of young and old differ
in several aspects, including changes in neurotransmitter
concentrations, decline of stem and progenitor cell prolifer-
ation, or alterations of hormone levels. In our experiments,
experimental ECS treatments could slightly, but significantly,
increase the volume of the dentate gyrus of the younger
cohort of mice (Figure 6). In the 20-month-old mice the
volume increase failed to reach significance. Hence, the
mechanisms leading to the volumetric changes following
experimental ECS appear to be dampenedwith ageing, which
maydisclose a reduced plasticity and correlatewith the higher
rates of depression recurrence observed in the elderly popula-
tion [126]. Although the validity of volumetricmeasurements
as a biomarker for the monitoring of depression remains to
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be established, the rapid volumetric response to experimental
ECS treatment may reflect the responsiveness of mechanisms
controlling plasticity of the brain.

11. Epilepsy and Experimental
ECS/ECT-Induced Plasticity

ECT shares some similarities with epileptic seizures, for
instance, a massive excitation of neuronal networks and an
enhanced cell proliferation in dentate gyrus. It is noteworthy
that experimental ECS, in contrast to epileptic seizures,
results neither in neurotoxicity and apoptosis, nor in the
appearance of ectopic neurons in the hilus of the hip-
pocampus [21, 76]. A proper wiring between the dentate
gyrus and its target area, namely, the CA3, is important for
correct processing of information entering the hippocampal
circuitry. This connectivity has been reported to be aberrant
in the brains of patients suffering of temporal lobe epilepsy
or following experimental seizures in rodents [127]. On the
other hand, experimental ECS sessions promote sprouting
of mossy fibers without generation of abnormal connectivity
and therefore do not lead to the appearance of spontaneous
epileptic activities [128, 129]. This is in clear contrast with the
stimulation of hippocampal neurogenesis through epileptic
seizures, which results in the generation of new neurons
characterized by structural and functional abnormalities
[130].

The addition of new neurons and rewiring of hippocam-
pal networks likely contribute to the antidepressive activity
of experimental ECS, although the mechanisms are still to be
elucidated. Recent evidence suggests that the antidepressive
effect is not proportional to the number of newly generated
neurons but rather to the activation of the whole neuronal
population [86]. Substantiating this hypothesis is the obser-
vation that c-fos, a marker for cellular activity, is strongly
upregulated in mature neurons of the dentate gyrus after
experimental ECS [110]. Sah and colleagues further reported
that the antidepressive effects of fluoxetine in a mouse
model of anxiety disorder resulted from the restoration
of the hypoactive dentate gyrus back to a normal activity
level and not from an elevation of the neurogenesis rate
[29]. Nevertheless, taken that newly generated neurons are
significantly more excitable than their mature counterparts,
increasing neurogenesis may also result in the increase of
global dentate gyrus activity [32, 131, 132].

12. Outlook

There is still an important debate on the antidepressive mode
of actions of ECT, but undoubtedly this treatment is a fast and
powerful therapy with few side effects and, simultaneously,
a very potent enhancer of hippocampal neurogenesis. Even
a decade after the report that antidepressants increase the
rate of hippocampal neurogenesis, relation between the latter
and the antidepressive activity could not be fully deciphered.
Nevertheless, evidence for a functional relevance of adult
hippocampal neurogenesis in processes of neuronal plasticity
and behaviours is slowly emerging.

13. Material and Methods

In the experiment described in this review, we involved
C57Bl/6 mice of two and twenty months of age in order
to reflect the various age groups receiving antidepressive
treatments. Number of mice were 11 (sham) and 11 (ECS)
in the 2-month-old group and 8 (sham) and 9 (ECS) in the
20-month-old group, male and female equally distributed.
Experiments were performed in conformity with the Direc-
tive (2010/63/EU) of the European Parliament and of the
Council and were approved by the local animal health
commission. Animals were bred in the central animal facility
of the Paracelsus Medical University, Salzburg, Austria. All
animals were housed under standard conditions of a 12-hour
light/dark cycle with food and water ad libitum.

These mice were submitted to a daily session of exper-
imental ECS for five consecutive days. Anaesthesia right
before shock application was obtained using 2.5% isoflurane
in pure oxygen. ECS parameters applied were as follows:
frequency 100 pulses/sec, pulse width 0.3ms, shock duration
1 sec, and current 18mA using an Ugo Basil 57800 ECT
Unit via ear clips moisten with Ringer’s Solution. Sham-
treated mice were only anaesthetized daily with isoflurane.
In addition, dividing cells were marked by intraperitoneally
BrdU injection (50mg/kg bodyweight) daily at the end of
every ECS or sham treatment.

For histological analysis, mice were perfused intracar-
dially on day 6 with phosphate buffered 4% paraformalde-
hyde pH7.4. Thereafter, brains were further post-fixed
overnight in the same solution and then cryoprotected with a
30% sucrose solution for several days. Brains were cut sagittal
into 40 𝜇m thick sections using a sliding microtome on dry
ice (Leica, Nußloch Germany).

Immunohistological analyses were performed as previ-
ously described [133] using the following antibodies and
kits: dividing cells were labelled with rat anti-BrdU (1:500,
Serotec, Puchheim, Germany) and detected with a biotin-
conjugated rabbit anti-rat (1:1000, Vector, Burlingame USA)
followed by the VECTASTAIN ABC System and DAB Per-
oxidase Substrate kit (Vector, Burlingame USA). Microglia
were labelled with rabbit anti-Iba1 (1:300, Wako, Neuss
Germany) and detected with donkey anti-rabbit Alexa 647
(1:1000, Milipore, Billerica USA). For blood-vessel staining,
biotinylated Lectin (1:500, Sigma-Aldrich, Vienna Austria)
from B. simplicifolia was used followed by Streptavidin Alexa
488 (1:400, Invitrogen, Lofer Austria). Nuclei in fluorescence
stainings were marked with 4,6-diamidino-2-phenylindole
(DAPI 0.5 𝜇g/mL, Sigma-Aldrich, Vienna Austria).

Extrapolation for one brain hemisphere of the total
number of BrdU or Iba1-labelled cells located in the dentate
gyrus was performed by detection of BrdU in every tenth
section or Iba1 in 3 randomly selected fields of view. Pictures
were acquired with an Olympus IX81 (Olympus, Vienna
Austria) microscope using the Volocity Software (Perkin
Elmer).

The surface labelled with anti-GFAP, anti-Iba1, or Lectin
was estimated as previously described [134, 135]. Briefly, z-
stack pictures with a resolution of 1024×1024 pixels covering
the whole 40 𝜇m slice were acquired using a LSM 700



10 Neural Plasticity

confocal microscope (Carl Zeiss, Jena, Germany) with a 20x
objective and Zeiss ZEN 2011 software. Stacks were merged
using ImageJ Software 1.46r (National Institutes of Health,
USA). The granular layer of dentate gyrus was outlined and
converted to grey scale (Adobe Photoshop CS2, Adobe, San
Jose USA) prior to the selection of a detection threshold.The
percentage of pixels containing labelling within the dentate
gyrus was quantified.

For statistical analysis, GraphPad Prism 5.0 (GraphPad
Software Inc.) was used with two-tailed two-way ANOVA
and Bonferroni post hoc test. Graphs show mean values with
standard deviation as error bars. Significance was 𝑃 < 0.05∗,
𝑃 < 0.01∗∗, and 𝑃 < 0.001∗∗∗.
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Dietary interventions have emerged as effective environmental inducers of brain plasticity. Among these dietary interventions,
we here highlight the impact of caloric restriction (CR: a consistent reduction of total daily food intake), intermittent fasting (IF,
every-other-day feeding), and diet supplementation with polyphenols and polyunsaturated fatty acids (PUFAs) onmarkers of brain
plasticity in animal studies. Moreover, we also discuss epidemiological and intervention studies reporting the effects of CR, IF and
dietary polyphenols and PUFAs on learning, memory, and mood. In particular, we evaluate the gap in mechanistic understanding
between recent findings from animal studies and those human studies reporting that these dietary factors can benefit cognition,
mood, and anxiety, aging, and Alzheimer’s disease—with focus on the enhancement of structural and functional plasticity markers
in the hippocampus, such as increased expression of neurotrophic factors, synaptic function and adult neurogenesis. Lastly,
we discuss some of the obstacles to harnessing the promising effects of diet on brain plasticity in animal studies into effective
recommendations and interventions to promote healthy brain function in humans. Together, these data reinforce the important
translational concept that diet, a modifiable lifestyle factor, holds the ability to modulate brain health and function.

1. Introduction

One of the most remarkable capabilities of the brain is its
ability to change in response to different stimuli. Among
the highly sensitive, environment-responsive structures of
the brain is the hippocampus, a region extensively known
to regulate learning, memory, and mood [1–7]. Indeed,
the expression of long-lasting activity-dependent synaptic
modifications in response to stimuli of high frequency is
an established phenomenon of the hippocampal neural cir-
cuitry [8]. This process of long-term potentiation (LTP) is
considered as a prominent mechanism underlying learning
and memory formation in the mammalian brain [9, 10].
Another hallmark of the hippocampus, in particular in its
subregion which is called the dentate gyrus (DG), is the
well-established capability of continual generation of new
functional neurons throughout postnatal life. This process of
adult hippocampal neurogenesis (AHN) is characterized by
the presence of neural stem cells (NSC) with the ability to
self-renew and differentiate into mature neurons [11] as well
as by the microenvironment of the neurogenic niche, which

engages the signalling pathways governing both proliferative
activity and neuronal differentiation [12]. Functionally, AHN
has been demonstrated to be essential for cognitive and
emotional regulation, with its ablation or partial disruption,
leading to severe impairment of learning abilities as well as
increased depressive- and anxiety-related behaviors [13–17].

AHN is a highly regulated mechanism, meaning that the
generation,migration, and integration of newly born neurons
into preexisting circuits depend on complex signaling within
the neurogenic niche [12]. NSC in the DG exist in close
contact with local blood vessels [18]; this proximity is believed
to aid the delivery of biochemical stimuli from the systemic
milieu to the DG [19]. In turn, this can directly affect AHN
for better, through the delivery of food-derived components
to be used as precursors of neurotransmitters, or worse,
by the exposure of the neurogenic niche to age-related
inflammatory markers that inhibit neurogenesis [19].

A number of environmental factors have been shown
to alter markers of brain plasticity, inducing changes not
only in AHN [20, 21], but also of synaptogenesis [22],
dendritic arborization [23], and spinogenesis [24], which
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2 Neural Plasticity

in turn provide the biological substrate for adaptation to
different environmental conditions [25, 26]. For instance,
human stress reflects the increasing environmental chal-
lenges present in our society and actively modulates hip-
pocampal structure and function, among other brain regions
[27]. Indeed, animal studies have revealed that chronic stress
reduces the dendritic tree of hippocampal neurons [28].
In contrast, voluntary exercise has been extensively shown
to promote the local synthesis of growth factors, including
brain-derived neurotrophic factor (BDNF) [21, 29] and to
enhance AHN/angiogenesis [30].

Diet—encompassing total intake, frequency, and
content—is also an important environmental factor that
impacts brain plasticity, including AHN [31, 32]. Although
there is much to be unravelled with regard to the specific
molecular mechanisms through which dietary factors impact
brain plasticity, a great body of literature supports the notion
that diet modulates brain structure and function, exerting
its influence throughout the lifespan of an organism. In this
review, we primarily focus on studies from 2010 onwards
that have investigated the effects of diet on markers of
postnatal/adult brain plasticity, including AHN, trophic
factors, and synaptic function. In particular, we review the
effects of calorie restriction (CR), intermittent fasting (IF),
polyphenols, and poly-unsaturated fatty acids (PUFAs) on
the cellular and molecular mechanisms that underlie brain
plasticity in context of cognition, mood/anxiety, aging, and
Alzheimer’s disease (AD) in both animal and human studies.

Although full coverage of all relevant studies is not possi-
ble given the broad scope of this review, the presentwork aims
to evaluate the translational gap between the results from
animal studies exploring the impact of diet upon markers
of brain plasticity versus data from epidemiological and
clinical intervention studies that suggest that diet influences
both cognitive and emotional regulations across different
disease contexts. Finally, we discuss some of the obstacles of
harnessing the promising effects of diet on brain plasticity
from animal studies into effective recommendations and
interventions to promote healthy brain function in humans.

2. Calorie Restriction: Effects of
Reducing What You Eat

2.1. Background and Physiological/Molecular Mechanisms of
CR. The effects of CR—limiting calorie intake compared
to baseline unrestricted or ab libitum (AL) consumption,
with maintained levels of vitamin, mineral, or other essen-
tial biomolecules [33]—have attracted significant scientific
attention since the pioneering work of McCay and colleagues
showing that this intervention markedly extends the lifespan
of rats [34]. In addition, CR was subsequently seen to entail
significant benefits for “healthspan,” a term which describes
the years of our life lived free of pathology and disease
[35]. In this regard, CR has been shown to improve insulin
sensitivity and autonomic function, as well as delay the onset
of age-related process in many organisms ranging from yeast,
worms, and flies [33] to higher mammals [36, 37]. Moreover,
in human subjects, CR results in amultitude of health benefits

[38], including reductions in abdominal fat mass, increased
insulin sensitivity, and reduced levels of proinflammatory
cytokines, reactive oxygen species, and atherosclerotic lipids
in the blood [39, 40].

Theoretically, CR can be regarded as an example of
hormesis, whereby too much of something evokes a detri-
mental response, whereas a smaller exposure but still above
the normal range induces amild stress that is in fact beneficial
[38]. The signaling pathways involved culminate in the pro-
duction of adaptive stress-response molecules that enhance
the ability of the brain to resist more severe stress in the
event of larger insults by promoting cell repair and survival,
including trophic factors, antioxidant enzymes, DNA-repair
enzymes,and proteins involved in mitochondrial biogenesis
[38, 41]. It is likely that the beneficial effects of CR are a
result of synergistic and/or additive effects of these multiple
mechanisms.

It must be emphasised from the outset that CR is highly
inappropriate for some groups of individuals, despite the
putative benefits for metabolic health and brain plasticity
discussed herein. In particular, CR is not a viable intervention
for young children or pregnant women, where consistent
adherence to a balanced diet is of paramount importance for
physical development.

2.2. Impact of CR on Brain Plasticity. CR appears to both
improve the resilience of synapses to metabolic and oxidative
damage and modulate the total number, structure, and
functional status of synapses [38]. In addition, maintenance
on a CR regimen resulted in the differential expression of a
multitude of genes, 25% of which were implicated in synaptic
plasticity [42].

Interestingly, CR is associated with greater electrical
and synaptic activity throughout neuronal circuits when
compared to satiated and resting states [43]. In addition,
CR stabilizes the levels of glutamate receptors and synaptic
proteins required for excitatory transmission and thought
to underlie hippocampal-dependent learning and memory
[43, 44]. The generation of neurotrophic factors is another
important adaptive and neuroprotective response to CR [45].

Table 1 outlines recent animal studies investigating the
molecular players underlying the effects of CR on brain
plasticity. For example, a role for the cAMP responsive-
element binding-1 (CREB-1) has recently been suggested.
Mice lacking the expression of this transcription factor in
the forebrain were unable to exhibit the expected beneficial
effects of CR on neuronal plasticity (enhanced LTP), memory
(improved object recognition), and social behavior (reduced
aggressiveness) when submitted to a 70% CR for a period of
5 weeks [46].

Long-term CR has also been shown to elicit working
memory improvement in mice [47, 48]. In addition, sig-
nificant increases in the expression of the NMDA receptor
subunits NR2A and NR2B, essential for LTP and synaptic
plasticity, were found in the hippocampus of 60% CR obese
rats in comparison with age-matched AL-fed obese animals
[49].
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Whilst BDNF is a well-establishedmolecule implicated in
brain plasticity, no consensus exists regarding the upregula-
tion of BDNF by CR. Whilst some argue in its favor [50, 51],
others could not verify such an effect [52], a phenomenon
that could be due to differences in the models used (aging,
stroke, obesity, and others) and/or the duration and intensity
of CR. In addition, when exercise training in conjunction
with CR was applied to hypertensive rats, a synergistic
effect between the two environmental interventions led to
prevention of cognitive decline and upregulation of BDNF
[51]. This suggests that the combination of CR with other
positive inducers of brain plasticity, in this case exercise
training, may provide more effective strategies to prevent
cognitive decline [51].

2.3. Impact of CR on Mood/Anxiety. As discussed below in
Sections 2.4.2 and 2.5.2, the majority of studies on the effects
of CR in humans focused on the elderly population. For this
reason, the findings reported in this section refer to animal
studies only.

Depression/Anxiety and Brain Plasticity. Although very often
reported as comorbid, depression and anxiety disorders are
classified as distinct categories of neuropsychiatric illness.
Depression is a mood disorder, along with bipolar disorder.
It is a chronic illness characterized by persistent feelings of
sadness and loss of interest in previously enjoyed activities
[53]. In animal models, depressive-like behavior has been
associated with decreased levels of AHN [14, 54]. In addition,
in both animal and humans, depressive phenotypes have
been consistently associated with altered levels of BDNF,
suggesting that neural plasticity is significantly affected in
the depressed brain. Before we discuss these data, we first
describe depression and anxiety in context of different mark-
ers of brain plasticity.

Anxiety disorders are characterized by intense fear and
autonomic responses to perceived or real threats. Neuroimag-
ing studies have revealed that an extensive network of brain
circuits is implicated in the generation of overexaggerated
responses to potentially dangerous stimuli [55, 56]. At the
cellular and molecular levels, decreased levels of AHN [17]
and altered levels of BDNF [56] have also been associated
with increased anxiety and may possibly account for their
high comorbid prevalencewith depressive disorders. Encour-
agingly, different dietary interventions hold the promising
ability to reverse these changes in markers of brain plasticity
[57].

2.3.1. Animal Studies. Table 2 outlines recent animal studies
on the effects of CR over mood/anxiety. Interesting findings
in rodents were recently presented by Riddle et al. [58].
In their study, female adolescent mice and adults of both
sexes that underwent 60% CR for only 7 days exhibited
enhanced fear extinction learning and retention, a process
normally impaired in patients with anxiety disorders [59]
and which requires active neural plasticity [60]. Further
to this, the effects observed in the CR mice could not
be observed in age-matched serotonin transporter (SERT)

knockout mice, suggesting that CR facilitates improved fear
extinction through mechanisms that are SERT dependent
[58]. In contrast, another study of lifelong 60% CR led to
anxiogenic, rather than anxiolytic, effects [47]. Similarly, 50%
CR when applied to young rats (starting at postnatal day
28 for 5 weeks) led to increased depression- and anxiety-
like behaviors, whichwere accompanied by decreased expres-
sion of serotonin reuptake transporter [61]. This divergence
among animal studies investigating the impact of CR on
mood and anxiety could be due to differences not only in the
duration of the dietary intervention, but also in the age and
strain of animals. These incongruences highlight the need
for further studies investigating the ideal contexts where CR
could lead to promental health effects.

Lutter and colleagues report that the hypothalamic orex-
igenic hormone ghrelin has a major defensive role against
depressive-like symptoms associated with chronic stress [62].
Consistently, 10 days of CR enhanced the activation of orexin
cells after social defeat and reversed the behavioral deficits
seen inwild-typemice submitted to the social defeatmodel of
chronic stress [63]. This reversal was not observed in orexin
knockoutmice, revealing an additional candidatemechanism
through which CR exerts its anxiolytic and antidepressant
effects [63]. In contrast, exposure tomoderate CR for 3 weeks
led to an increased stress response [64]. Moreover, transition
from CR to high-fat diet led to increased binge eating, an
undesirable and stress-related outcome likely mediated by a
CR-induced reprogramming of orexinergic pathways [64].
Together these results not only indicate that orexinergic
pathways are another mechanism engaged by CR, but also
point for the need of further studies addressing how the
duration and maintenance of CR, as well as regulation of
orexin and stress, may interact so that interventions can be
designed towards optimal results for plasticity and mental
health.

2.4. Impact of CR on Aging

The Aging Brain and Brain Plasticity. The aging brain is
characterized by functional andmetabolic changes, including
an increased vulnerability to insults and disease [41]. These
changes underlie the neuronal dysfunction associated with
the cardinal feature of aging and cognitive decline, epito-
mized by impaired performance on tasks dependent on the
hippocampus and associated networks [65, 66].

It is increasingly appreciated that severe neuronal loss
does not drive age-related cognitive impairment but rather
aging is characterized by numerous functional and structural
alterations that together impair brain plasticity [65], such as
a decrease in synaptic plasticity as evidenced by reduction
in the ability of aged rats to sustain LTP [67]. Both levels
of BDNF and its receptor TrkB decrease with age and these
reductions correlate with impaired memory and dendritic
spine density among hippocampal neurons [68]. In addition,
AHN markedly declines with age and aging has also been
reported to be a major contributor to the reduced prolifer-
ation of NSCs [66].
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2.4.1. Animal Studies. Table 3 outlines recent animal studies
that have evaluated the effect of CR on brain plasticity in the
context of aging.

Maintaining rodents on CR regimens prevents age-
related declines in learning and preserves spatial andworking
memory [69, 70]. In addition, it is not only lifelong CR
that exerts positive effects in combating age-related processes
but also starting CR in midlife [71] or short exposures
even at a late age [72–74] also entails beneficial effects.
One of the mechanisms possibly underlying these effects
is through maintaining the levels of NMDA receptors in
the hippocampus, normally subject to reductions with age
[44]. Preservation of these receptors enables reversal of age-
related declines in LTP [75]. Many studies have reported that
CR attenuates age-related declines in the levels of synaptic
proteins [44, 76] particularly in the CA3 subregion of the
hippocampus [44].

Mladenovic Djordjevic and colleagues demonstrate that
lifelong CR enhances synaptic remodelling as evidenced by
reversal of age-related declines in the expression of the presy-
naptic proteins synaptophysin, GAP-43, and 𝛼-synuclein in
the hippocampus and cortex of rats [76]. CR also increases
adult neurogenesis in young adult rats [77] and reverses
age-related decline in neurogenic activity and significantly
enhances survival of newborn glial cells in the DG in older
mice [78, 79].

Another mediator of neural plasticity is neuropeptide
Y, known not only for its function on the regulation of
ingestive behavior [80], but also for its interaction with the
cholinergic system for improved learning and memory [81],
as well as for promoting hippocampal neurogenesis [82].
Recently, it has been reported that long-term 40% CR had
multiple effects on the densities of neuropeptide Y receptor
subtype densities throughout the brain [83]. For example,
CR induced decreases in Y1-receptor density in the DG and
reversed age-related declines in neuropeptide Y2-receptor
density inCA2 subfield.These data lead the authors to suggest
that long-term CR may exert specific effects of its own, in
addition to combating age-related changes. In turn, changes
in neuropeptide-Y-mediated signalling may impact brain
circuits that regulate cognition and emotion [83].

2.4.2. Human Studies. Whilst not conducted in an aging
cohort, the National Institute of Aging CALARIE (Com-
prehensive Assessment of Long-Term Effects of Reducing
Intake of Energy) study examined the effect of 6-month CR
and CR in combination with physical exercise on cognitive
function (𝑛 = 48; BMI: 25–30; age range: 25–50 yrs) [84].
A comprehensive array of cognitive tests of verbal memory,
visual memory, and attention were conducted at baseline and
at 3 and 6 months following intervention. During the trial,
no improvements, but equally no deficits, emerged across
these cognitive measures. These disappointing findings must
be considered in context of a small sample size and limited
statistical power.

The ENCORE (Exercise and Nutrition Interventions
for Cardiovascular Health) study involved 124 participants

(mean age: 52 ± 9 years) with elevated blood pressure, seden-
tary lifestyles, and a body mass index (BMI) greater than
25 [85]. Individuals adhering to antihypersensitive treatment
combined with CR and exercise demonstrated significant
improvements in both executive-function memory learning
and psychomotor speed when evaluated at 4 months follow-
ing intervention. The potentially synergistically interaction
between CR, weight loss, and aerobic fitness likely underlies
the neurocognitive improvements observed.

Witte and colleagues [234] report that adherence to a
daily 30% CR regimen in a cohort of 50 healthy elderly
subjects (mean age: 60.5 years; mean BMI: 28) improved
performance on memory tests versus both a group with
increased intake of PUFAs and the control AL group. In
particular, verbal memory scores improved with a mean
increase of 20% after 3 months of intervention in the CR
group. Notably, the levels of BDNF did not change in the
CR and PUFA groups. This is the first study to demonstrate
the beneficial effects of CR on memory performance in an
aged cohort.The negative BDNF finding does not definitively
reflect an absence of BDNF involvement in mediating the
effects of CR, as its levels may be altered in closer proximity
to the start of the intervention or perhaps be revealed when
related to other parameters such as neuroimaging [87]. In
addition, whilst increased serum levels of BDNF have been
linked to increased hippocampal volume and improved spa-
tial memory in humans, even when controlling for variation
due to aging [88], suggesting that circulating levels of BDNF
may reflect levels of BDNF produced by the brain, BDNF
is also produced by peripheral cells, tissues, and organs
[89, 90]. As such, it remains an open question as to how
accurately blood levels of BDNF reflect brain BDNF and its
posited effects upon plasticity. Future studies should address
longitudinal alterations in the levels of BDNF and other
neurotrophins during the course of the CR intervention.

2.5. Impact of CR on AD

Alzheimer’s Disease (AD) and Brain Plasticity. AD is an age-
related and debilitating neurodegenerative condition epit-
omized by impoverished learning, memory, and executive
function [91]. The pathognomonic features of AD include (1)
the buildup of extracellular 𝛽 protein (derived from cleavage
of the amyloid precursor protein (APP) into diffuse plaques
and (2) intranuclear aggregation of hyperphosphorylated
forms of the microtubule and structural tau protein into
neurofibrillary tangles [92].

Synapses are particularly vulnerable to impairment and
irreversible damage upon exposure to 𝛽-amyloid and the
synaptic formation is regarded as a key site in the initia-
tion of the neurodegenerative process [93]. Human studies
have reported compromised levels of BDNF and associated
signaling in the preclinical stages of the disease and at
postmortem [94, 95]. Alterations in the levels of hippocampal
neurogenesis are increasingly regarded as an integral aspect
of AD [96]. Notably, the putative role of nutrition in both
contributing to and mitigating cognitive impairment in AD
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has emerged as a topic of increasing scientific and public
interest [97–99].

2.5.1. Animal Studies. Wu and coworkers report that 30%
CR for 4 months in the transgenic mouse model of AD
had profound effects on the pathophysiology of the disease,
attenuating ventricle enlargement, hippocampal atrophy, and
caspase-3 activation, as well as decreasing reactive gliosis and
tau phosphorylation [100]. Moreover, upregulation of genes
associated with neurogenesis and synaptic plasticity was
found in the CR hippocampus, along with downregulation
of genes associated with the expression of inflammatory
markers. The combined modulation of disease pathology
and enhancement of hippocampal neurogenesis by CR likely
underlie amelioration of memory deficits as assessed by the
novel object recognition and contextual fear paradigms in
this study.

2.5.2. Human Studies. The beneficial effects of CR on trans-
genic models of AD are consistent with epidemiological
studies that report that high caloric diets are associated
with an increased risk of developing AD [79]. For example,
Luchsinger et al. observed that among those individuals in
the Washington Heights-Inwood Columbia Aging Project
cohort, a higher intake of calories and fats, the risk of
developing ADwasmarkedly elevated but only in individuals
carrying the ApoE4 allele, a major genetic risk factor for AD
[101]. In support of this, epidemiological studies reveal that
those who habitually consume fewer calories have a reduced
risk of developing AD (Gustafson et al.) [102]. In a recent
population-based case-control study, Geda and coworkers
report that a high calorific intake is associated with near
twofold increase in risk of having mild-cognitive impairment
[103].

3. Intermittent Fasting: Effects of Expanding
Time between Meals

3.1. Background and Physiological/Molecular Mechanisms of
IF. Intermediate or intermittent fasting (IF) refers to alter-
nate periods of AL intake with complete or partial restric-
tion of calories. Similar to CR, IF does not mean severe
nutrient deprivation/starvation and all IF regimens are on a
background of adequate vitamin and mineral intake [104]. IF
has recently seen a surge in popularity through the advent
of the “5,2” diet, which involves two days of complete or
partial CR during a weekly period [105]. Importantly, IF does
not necessarily reduce overall caloric consumption or lower
bodyweight, since subjects may compensate for reduced
intake during the restriction period by overeating on the AL
phase, although in many studies implementation of IF results
in a 20–30% reduction in caloric consumption over time
[33, 35].

IF regimens have been demonstrated to induce a mul-
titude of positive impacts on age-related diseases in animal
studies, including the attenuation or prevention of diabetes-
like phenotypes and cardiovascular disease, as well as increas-
ing maximal lifespan [33].

At the molecular level, IF is thought to engage adaptive
cellular stress response pathways and appears to engagemany
of the pathways described above for CR [38, 68].

3.2. Impact of IF on Brain Plasticity. The growing popularity
of IF regimens among human subjects is supported by
evidence that IF induces beneficial changes in animal studies;
notably, many studies suggest that IF results in enhancement
of brain plasticity and at cellular and molecular level with
concomitant improvements in behavior (Table 1).

Maintaining rats on an IF regimen increased the resis-
tance of hippocampal neurons to chemically induced degen-
eration [106, 107] and in experimental models of stroke [50].
Moreover, the neuroprotective effect of IF is also associated
with preservation in learning and memory performance
[50, 79]. Furthermore, the effects of IF following excitotoxic
challenge associate with lower levels of corticosterone, lead-
ing not only to decreased hippocampal cell death, but also
to increased levels of hippocampal BDNF and pCREB and
reversal of learning deficits [107].

Increased survival of newly born cells in theDG, resulting
in enhanced neurogenesis and gliogenesis, has also been
reported as an effect of IF feeding in mice [108], as well as
increased LTP and expression of the NMDA receptor subunit
NR2B, resulting in enhanced learning [109].

Interestingly, IF but not CR for 20 weeks increases
the resilience of hippocampal neurons to excitotoxic stress,
suggesting distinct neuroprotective effects of IF [110].

3.3. Impact of IF on Mood/Anxiety. To our knowledge, no
intervention or epidemiological study of the effects of IF
on mood/anxiety in the human population has taken place;
for this reason, we will focus this section on the promising
findings from animal research (Table 2).

Whilst the majority of studies on the effects of fasting
applied chronic protocols, a few have also investigated the
outcomes of acute interventions. In this respect, a recent
study has shown that 9 h fasting in mice leads to significant
antidepressant effects [111]. Interestingly, additive effects were
observed when the antidepressant drug imipramine was
administered in conjunction with the fasting period. As
proposed by the authors, these findings could be the start of a
translation of acute fasting in conjunctionwith imipramine as
a low-cost strategy to potentiate antidepressant effects in clin-
ical practice. Furthermore, acute fasting led to an increase of
the p-CREB/CREB ratio (p-CREB: phosphorylated CREB), a
biological effect that is consistent with what has been found
by some CR studies [46].

3.4. Impact of IF on Aging

3.4.1. Animal Studies. Recent animal studies on the effects of
IF upon aging are described in Table 3. Singh and coworkers
aimed to test whether short-term late-onset exposure to an
IF regimen could improve age-related declines in cognitive
and motor functions, in association with possible changes
in the expression of plasticity markers [112]. Old IF rats
exhibited enhanced memory. Furthermore, these authors
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also evaluated Ca2+ signaling, a key regulator of synaptic
plasticity, following short-term IF. In particular, they assessed
the expression of serine/threonine protein phosphatase cal-
cineurin (CaN), known for mediating the effects of Ca2+
signaling on synaptic plasticity, cell survival, and ultimately
cognition [113], as well as the Ca2+-dependent protein kinase
(CaM kinase), which plays a key role in synapse formation
and neurotransmitter release, thus influencing neuroplastic-
ity, learning, and memory [114, 115]. Notably, the expression
of CaN and synaptophysin, which are known to significantly
decrease with age in the CA3 and DG subregions of the
hippocampus, was partially restored by the short-term IF and
suggests recovery of loss of synapse density and concomitant
increases in neurotransmission [112]. Given that IF decreased
CaN levels and increased CaM expression in the hippocam-
pus of aged rats, the potential beneficial effect of IF regimen
on learning and memory likely involves the expression of
synaptic proteins regulating calcium homeostasis [112].

Similarly, Mladenovic Djordjevic et al. report that IF
induced elevated synaptophysin expression in the DG and
CA3 [76]. These findings are supported by the similar effects
of CR in mitigating age-related declines in synaptophysin
levels [44, 116], suggesting that reduced levels of hippocampus
stress, enhanced synaptic plasticity, and increased neuro-
genesis underlie the preservation of synaptic functionality
associated with CR and IF regimens. IF has also been to
shown to reverse the age-related impairments in the neuronal
plasticity marker neural cell adhesion molecule (NCAM)
[73].

3.4.2. Human Studies. The aforementioned CALARIE study
as well as studies in the cardiology field has provided proof
of principle that dietary interventions based on reducing
energy intake are not only safely tolerated by humans, but also
elicit beneficial effects on a myriad of general health markers
including insulin sensitivity, markers of oxidative stress,
hypertension, and inflammation (see Weiss and Fontana,
2011, for a detailed review [40]).

Historically, a study by Vallejo later reanalyzed by
Stunkard demonstrated that IF increased measures of
healthspan and lifespan, proving its feasibility in human
subjects [117, 118]. In support of these studies, Heilbronn
and coworkers demonstrated that a 22-day IF regimen in a
study of 16 nonobese humans (age range: 23–53) improved
scores in the respiratory quotient, fat oxidation, and insulin
sensitivity [119]. Together, these results suggest that IF is
a feasible intervention in humans and is associated with
beneficial effects in the metabolic profile; however, it is
unlikely that such a regimen could be satisfactorily tolerated
over a prolonged period owing to likely increase in aversive
subjective states on the “off” day.The authorsmake a practical
suggestion that the addition of a small meal on the fasting day
improve the tolerability and adherence to IF.

In a recent study of 32 aged Malaysian men (age: 59.7 ±
6.3; BMI: 27), adherence to an approximate 25% CR diet in
conjunction with two days/week of religious fasting resulted
in marked reductions in scores on tests of tension, anger,
confusion, and depression [120].These positive changes upon

affect occurred in conjunction with small reductions in
weight, BMI, and percent body fat and support previous
data from this group in a similar sized cohort where this
same dietary intervention reduced scores on measures of
depression [121].

It would be of great interest to further investigate the
elicited effects of IF in a human study on measures of cog-
nition, mood, and anxiety in conjunction with physiological
markers of brain plasticity.

3.5. Impact of IF on AD. To our knowledge, no studies on
the impact of IF upon AD date have been conducted with
human subjects. As such, the findings discussed herein were
generated from animal studies (Table 3).

Halagappa and colleagues utilized a triple transgenicmice
model of AD, reporting that long-term maintenance of these
mice (14 months) on either a 40% CR or IF diet, prior
to the onset of the disease phenotype, rescued cognitive
deficits [122]. The beneficial effects of CR on cognition were
associated with significantly reduced levels of 𝛽-amyloid
protein and phospho-tau. Intriguingly, IF appeared to protect
neurons from injury despite the fact that there are no
reductions in either A𝛽 or Tau, suggesting that this dietary
approach may protect neurons downstream of A𝛽 and tau
aggregation. Further to this, extensive 𝛽-amyloid deposition
has been well documented in elderly persons in the absence
of cognitive deficits [123]. Together, these data suggest that
stimulation of adaptive stress responses is a possible mecha-
nism by which cognition is preserved despite marked signs of
disease pathology [43].

4. Dietary Content: Focus on Polyphenols as
Potent Food-Derived Plasticity Inducers

4.1. Background and Physiological/Molecular Mechanisms of
Polyphenols. Polyphenols are the most abundant antioxi-
dants in the human diet and are present in a wide variety
of fruits, teas, and consumed plants, including cocoa [124].
Besides their antioxidant action, polyphenols have been
shown to enhance neuronal function aswell as stimulate cere-
bral blood flow and neurogenesis [125]. Curcuminoids and
flavonoids represent two of the main subtypes of polyphenols
demonstrated to act upon brain function at the cellular
and molecular level [124]. Curcumin, the most ubiquitous
curcuminoid and active ingredient in the spice turmeric,
has been consumed for medicinal purposes for thousands of
years [126]. A distinctive feature of curcumin is the ability to
modulate a multitude of signaling molecules and its varied
properties, including being antibacterial, anti-inflammatory,
chemotherapeutic, and neuroprotective [126].

Resveratrol is another naturally occurring polyphenol
found in the skin of red grapes, nuts, and several other plants
which has been extensively researched owing to its neuro-
protective effects on the brain [86]. Resveratrol is a mimetic
of CR, extending the maximal lifespan in yeast, worms,
flies, and fish. In particular, both CR and resveratrol trigger
overexpression of SIRT1, a NAD-dependent class III histone
deacetylase that participate in transcriptional silencing of
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genes including those implicated in cell cycle regulation and
lifespan extension [86]. The precise mechanisms underlying
the neuroprotective role of resveratrol remain to be fully
elucidated but it is likely that these beneficial effects result
from a synergy of their antioxidant properties and SIRT1
activating capability [86].

Due to their well-documented effects on neural plasticity
as well as upon cognition, mood/anxiety, and aging, this
sectionwill focus onfindings from studieswith curcumin and
resveratrol.

4.2. Impact of Polyphenols on Brain Plasticity. In addition to
their antioxidant properties, polyphenols have been reported
to exert neuroprotective effects by directly modulating cellu-
lar pathways related to neuronal processes and synaptic plas-
ticity (Table 1). In rodents, these include those that converge
on the aforementioned CREB, a pivotal transcription factor
linked to the expression of BDNF [127, 128], and other hip-
pocampal plasticity related markers such as the expression of
BDNF itself [128], glutamatergic receptors subunits (NMDA-
NR2B), and polysialated neural cell adhesionmolecule (PSA-
NCAM: a marker of developing and migrating neurons)
[129].

The classic activation of SIRT1 by resveratrol has been
consistently demonstrated and to it novel players have been
added which impact brain plasticity, such as the reduced
expression of microRNAs miR-134 and miR-124 leading to
upregulation of CREB levels and subsequently promotion of
BDNF synthesis in the hippocampus [130]. However, SIRT-1
activation has also been suggested to negatively regulate
neuronal differentiation in the adult hippocampus [131],
suggesting other targets throughwhich resveratrolmight also
trigger proplasticity effects, at least in the context of AHN.

An interesting report has provided evidence for novel
insights on the mechanistic loop through which resveratrol
might exert its effects on neural plasticity and, thereby,
on cognitive improvement. After hypothesizing that orally
administered resveratrol acts on the hippocampus through
stimulation of the gastrointestinal tract (GI) leading to
increased expression of insulin-like growth factor-I (IGF-I),
Harada et al. showed that the enhancing effects of resveratrol
on hippocampal angiogenesis, neurogenesis, and cognition
were absent in calcitonin gene-related peptide (CGRP)
knockout mice [132]. Sensory neurons of the mouse GI
have been shown to transmit information to the hippocam-
pus through the spinoparabrachial circuit, increasing the
hippocampal levels of CGRP, which in turn induce local
astrocytic production of IGF-I [133]. Given the abolishment
of resveratrol-induced effects in CGRP−/− mice, the authors
propose that sensory neuron stimulation by resveratrol in
the GI tract would lead to an increase of IGF-I production
in the hippocampus, with consequent enhancement of hip-
pocampal angiogenesis, neurogenesis, and, finally, cognitive
function [132].

Possible synergistic effects of different dietary inter-
ventions on brain plasticity represent a promising field
to translational neuropsychiatry. Interestingly, Dal-Pan and
colleagues showed that long-term 70% CR or resveratrol

supplementation for the same period (18 months) exerts
similar beneficial effects for cognition in adult primates [134].
Whether the effects of CR and IF could be enhanced or in
some contexts replaced by supplementationwith polyphenols
is thus an attractive field of research that could add to the
potential of dietary interventions.

4.3. Impact of Polyphenols on Mood/Anxiety. To our knowl-
edge, no functional studies on the impact of resveratrol
or curcumin in the context of mood/anxiety have been
conducted with human subjects; we therefore focus this
section on findings from animal studies (Table 2).

Growing, although not unanimous [135], evidence sug-
gests that the regular consumption of dietary polyphenols can
lead to positive effects on mental health-related behaviors, a
process probably involving brain plasticity [57].

The antidepressant effects of resveratrol have been con-
sistently proposed by a number of recent studies. Chronic
administration of resveratrol was able to prevent a wide range
of detrimental effects on cognition induced by the classic
unpredictable chronic mild stress model of depression [136],
including reduction in serum corticosterone levels, increased
levels of BDNF, phosphorylated extracellular signal-regulated
kinase (pERK) and pCREB in the prefrontal cortex and hip-
pocampus, and prevention of cognitive deficits [137]. Similar
biological measures were found in nonstressed mice admin-
istered with resveratrol, which also presented with reduced
depressive phenotype comparable with those of fluoxetine-
treated animals [138]. Resveratrol has also been proposed to
buffer prenatal stress in the adult offspring, likely through
protective mechanisms against oxidative stress [139] and, of
special relevance for neural plasticity, through enhancement
of hippocampal BDNF and postnatal neurogenesis levels
[140].

Interestingly, a number of studies point for a role of the
serotoninergic system in modulating hippocampal plasticity
in context of depression [141, 142]. Mice exposed to UCMS
but receiving polyphenols extracted from tea leaves (tea
polyphenols, TPs) daily from the 3rd week of stressors
onwards presented with normalized depression-related phe-
notype [143]. Besides reversing the UCMS-induced expres-
sion of oxidative stress markers, TP administration was also
capable of reversing the altered concentrations of serotonin
and noradrenaline in the prefrontal cortex and hippocampus.
Similarly, normalized levels of serotonin in the hippocam-
pus and, furthermore, inhibition of the serotonin degrad-
ing enzyme monoamine oxidase-A (MAO-A) activity after
UCMS exposure have also been shown to be biological effects
of treatment with trans-resveratrol [144].

4.4. Impact of Polyphenols on Aging

4.4.1. Animal Studies. Many different polyphenols have been
reported to retard age-related declines in CNS function,
cognition, and behaviour; recent reports in animal studies
are outlined in Table 3. For example, blueberries, which are
rich in anthocyanin and flavanols subset of polyphenols,
are effective in persevering spatial working memory in aged
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animals [125], a process likely mediated by the marked
increases in NSC proliferation in the DG of aged rats sup-
plemented with these berries [145]. More recently, Rendeiro
and coworkers report that dietary supplementation with
flavonoids improves spatial working memory in association
with increased expression of hippocampal BDNF [129].

Conboy et al. report that short-term (8 days) curcumin
supplementation to aged rats enhanced PSA-NCAM expres-
sion in the DG and markedly improved both spatial learning
and memory [146]. Dong et al. assessed the effects of 6-
and 12-week curcumin-supplemented diet on hippocampal
cellular proliferation, cognitive function, and transcriptional
responses in aged rats [147]. Only in 12-week treatment
did spatial memory improve, suggesting that prolonged
curcumin consumption is required to prevent or slow down
the decline of cognitive function with aging [147], contrary to
the benefits of short-term exposure reported by Conboy and
coworkers [146]. In addition, only the 12-week intervention
enhanced AHN, suggesting that, at the dosage of curcumin
used, the generation of new neuronal cells may require an
accumulated effect of the active metabolites over a prolonged
period [147].

Dong and colleagues provide further support for the
relationship between prolonged exposure and its effects on
brain plasticity, as evidenced by an exon array of hippocampal
and cortical rat tissue that revealed differentially expressed
genes with functions related to brain development, cognition,
and neurogenesis but dependent on the length of curcumin
treatment [147]. For example, expression of the NeuroD1
gene, integral for AHN and survival of neuronal progenitors
[148], was increased following 6-week curcumin treatment.
Additional genes altered by 6- and 12-week curcumin treat-
ment included Wnt2, Nnat, Tiam1, and Unc5d which have
diverse roles in neuron development. Further to this, 12-week
curcumin treatment markedly upregulated genes implicated
in synaptic transmission and memory formation, includ-
ing Adcyl, Kit, and LPL in the hippocampus and Shank3,
Cip98, Snip, and Nlgn2 in the cortex. Interestingly, it has
been suggested that a reduction in the expression level of
adenylyl cyclase I (Adcy1) in the hippocampus might greatly
contribute to age-related defects in spatial memory [149].
Together, these results suggest that the beneficial effects
of curcumin in improving cognition among aged rats are
possibly explained by the enhancement of AHN and synaptic
plasticity as facilitated by upregulation of development-
associated genes in the brain [147].

4.4.2. Human Studies. A number of epidemiological studies
have reported that increased consumption of a number of
different polyphenols improves various aspects of cognitive
function in the aging population [150].

Among a population-based cohort of nondemented
elderly Asian subjects (𝑛 = 1,010; mean age: 68.9 ± 6.8
years),multivariate analyses revealed that improved cognitive
function was associated with those who regularly consume
curry, and thus a large amount of the polyphenol curcumin,
when compared to those who never or rarely consumed curry

[151]. Similar results were reported in context of increased
dietary flavonoid intake [152].

The recent report of 13-year long clinical study builds
upon these findings by investigating the relationship between
specific classes of polyphenols and cognitive performance
in a cohort of 2574 middle-aged adults (age range: 35–
60 at baseline) [153]. Utilizing participant dietary records
regarding specific polyphenol consumption and a battery of
cognitive tests, multivariate models revealed that increased
intake of catechin, theaflavins, flavonols, and hydroxybenzoic
acids was particularly associated with improved episodic
memory and in some cases with preserved verbal memory.
It must be noted that unexpected negative associations were
also observed; for example, increased intake of the subclasses
catechins; proanthocyanidins and flavanols were linked to
poorer performance in tests of executive function. Whilst
no mechanistic studies account for this negative association,
it has been suggested that, under certain conditions, some
catechins may exert multiple effects on the brain includ-
ing a prooxidant action [154]. Nevertheless, together these
encouraging studies build upon the molecular and cellular
mechanistics reports conducted in animals to highlight the
strong potential of dietary polyphenol intake to support
preserved cognitive performance in the elderly population.

4.5. Impact of Polyphenols on AD

4.5.1. Animal Studies. Polyphenols derived from multiple
dietary sources are able to counteract cognitive deterioration
and reduce neuropathology in different animal models of
AD [155]. Recent animal studies also support a role for these
compounds in promoting brain plasticity in context of AD
(Table 3). For example, Dong and coworkers additionally
report that 12-week curcumin treatment of aged rats resulted
in markedly differential expression of genes thought to
participate in both the AD neurodegenerative process and
synaptic plasticity [147], such as the Cav1 gene implicated in
alterations of cholesterol distribution in the AD brain [156],
spatial memory formation [157], and age-related working
memory decline [158].

Some interesting results were also generated by studies
using a grape-derived polyphenolic preparation (GP), a
mixture of proanthocyanidins (PACs), comprising catechin
(C), epicatechin (EC), catechin gallate, and epicatechin gal-
late [159]. The potential therapeutic benefits gleamed from
natural compounds containing GP and PAC are hindered
by limited knowledge with regard to their metabolism and
whether sufficient levels of these metabolites enter to brain to
exert their effects [159]. Wang and coworkers aimed to bridge
this knowledge gap by utilizing biosynthetic brain-targeted
PAC metabolites and studying their pharmacokinetics in
relation to their therapeutic effects upon cognitive deterio-
ration in a transgenic mouse model of AD [159]. Animals
were treated for 5 months starting at 7 months of age with
different formulations of GP prior to the development of AD
neuropathology and cognitive deficits. All three formulations
were demonstrated to interfere with the initial protein-
protein interaction ofA𝛽

1–40 andA𝛽1–42, but onlymonomeric
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GP reduced the content of toxic oligomeric A𝛽 species
and improved spatial memory retention. Of special note,
the authors reported that the monomeric metabolite 3-𝑂-
Me-EC-Gluc significantly increased the phosphorylation of
CREB at differential sites. This study reveals for the first time
that a brain-targeted metabolite derived from a polyphenol
is capable of restoring synaptic plasticity in the AD-afflicted
hippocampal formation.

Similarly, a recent study by Ho and colleagues evaluated
the accumulation of polyphenol metabolites in the mouse
brain of an AD-transgenic model following oral dosage with
a Cabernet Sauvignon red wine (abundant in resveratrol)
[160]. Using a dose that is equivalent to moderate daily
wine consumption in humans, they report that one of the
Cabernet Sauvignon brain-targeted metabolites, quercetin-
3-0-glucuronide, reduced neuronal generation of 𝛽-amyloid
peptides and prevented the formation of the toxic oligomeric
species of this peptide [160]. Moreover, treatment with this
metabolite markedly reversed AD-type deficits in hippocam-
pal basal synaptic transmission and LTP, via a mechanism
possibly dependent on activation of signaling pathways that
result in phosphorylation of CREB.

Recent data from Hoppe et al. adds to the discussion
of the neuroplasticity molecules possibly underlying the
behavioral effects of polyphenols in context of AD [161].
Rats treated intraperitoneally with free or nanoencapsulated
curcumin for 10 days did not show 𝛽-amyloid-induced
cognitive impairment or typical decreases in both hippocam-
pal synaptophysin and BDNF levels. Of special note, for
future application in clinical practice, the nanoencapsulated
curcumin administration was able to produce effects in a 20-
fold lower dose, showing the potential of this technology for
drug delivery to CNS targets.

The studies described above reveal for the first time
that brain-targeted metabolite derived from polyphenols
is capable of entering the brain, positively modifying AD
neuropathology and is able to restore synaptic plasticity in the
hippocampal formation and as such offers great potential as
a novel therapeutic agent.

4.5.2. Human Studies. A number of epidemiological studies
have reported that increased consumption of a number
of different polyphenols reduces the incidence and delays
progression of AD [150]. For example, just as increased intake
of the polyphenol curcumin improves cognitive performance
in the Indian elderly population [151], it has been suggested
that the low incidence of AD in this country is perhaps,
in part, also attributable to the increased consumption of
curcumin among its elderly population [127]. Similarly, a
cross-sectional study of 1003 Japanese individuals over the age
of 70 revealed that the consumption of more than or equal
to 2 cups of green tea per day was associated with over a
50% reduction in cognitive deficit [162]. Several epidemiolog-
ical studies have also indicated that moderate consumption
of red wine is associated with a lower incidence of AD
[163, 164].

There is a paucity of prospective clinical studies and
trials investigating the therapeutic potential of polyphenols
in AD [155]. However, results from the GuidAge study, a
prospective prevention study on the impact of the Ginkgo
biloba extract Egb761 on the conversion of elderly persons
(𝑛 = 2854, age: 70 years and older at baseline) with
memory complaints to AD, were recently reported [165, 166].
In this randomized control trial participants were required
to twice daily consume a 120mg dose of Egb761 for 5
years [166]. Disappointingly, long-term use of the polyphenol
extract Egb761 did not reduce the risk of progression to AD
when compared to placebo [166]. The authors noted that
the number of dementia-related events in their study was
much lower than expected resulting in reduced statistical
power to detect any effect. Indeed, overrecruitment of healthy
volunteers is a problematic issue in prevention trials, particu-
larly in dementia research where baseline control individuals
appear healthier and better educated than the general elderly
population [167].

Despite the disappointing results from the clinical trial of
theGinkgo biloba extract, which can plausibly be explained by
confounding factors, epidemiological studies clearly support
the promising preclinical work implicating increased con-
sumption of polyphenols in improved cognitive performance
and lower incidence of AD.

5. Dietary Content: Focus on n-3 Fatty Acids as
Potent Food-Derived Plasticity Inducers

5.1. Background and Physiological/Molecular Mechanisms of
PUFA. Positive effects on brain health and function have
also been shown as an outcome of PUFA-enriched diets
as well as for those with high levels of fish and nut oils.
Long chain essential PUFA, notably the omega-3 (n-3) fatty
acids docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), are fundamental to CNS function, considering
the lipid-rich nature of the brain [168].

Omega-3 fatty acids are classified as essential, meaning
that their levels depend on dietary intake, although their final
functional availability also depends on other factors regulat-
ingmetabolic events, such as polymorphisms of genes coding
enzymes that convert short-chain to long-chain PUFAs [169].
Although fish is the major source of the EPA and DHA
consumed (71%), these fatty acids are also contained in other
foods, such as meat (20%), eggs (6%), and plant foods (such
as leek and cereal-based products; 3%) [170].

The n-3 fatty acid DHA is an important structural
component of neural cell membranes and is, thus, essential
to appropriate neuronal functioning [171]. In particular, n-3
fatty acids can modulate cholesterol-induced reductions
in membrane fluidity by displacing cholesterol from the
plasmamembrane [124].This displacement leads to increased
membrane fluidity, increased number of receptors, enhanced
receptor binding and affinity, better ion channel functionality,
and modulation of gene expression of proteins involved
in signal transduction processes [172–175]. Together, these
effects lead to improved neurotransmission and signaling
and, therefore, to optimal cognitive functioning.
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5.2. Impact of PUFAs on Brain Plasticity. Fatty acids have
been implicated in enhancing brain plasticity and cognitive
function in healthy, adult rodents (Table 1).

It has been shown that, in hippocampal slices of rats
treated with EPA, LTP is significantly enhanced in CA1
neurons when compared with EPA-deficient hippocampal
slices [176]. In addition, this same study showed that EPA
applied in vitro was capable of decreasing cell death.

PUFA supplementation has also been associated with
enhancement of AHN [178, 179], which could be one of the
mechanisms underlying associated improvements in cogni-
tion and mood [180]. For instance, dietary supplementation
with n-3 PUFAs restored neurogenic markers in the DG of a
mouse model of systemic lupus erythematosus and Sjögren’s
syndrome, characterised by lower levels of AHN among
other biological deficits [181]. Perinatal supplementation with
n-3 PUFA also mitigated the impairment in working and
short-term memory and altered fear response observed in
rats as a consequence of sevoflurane-induced neurotoxicity,
likely through decreased apoptosis and enhancement of hip-
pocampal cell proliferation [182]. Perinatal supplementation
with the DHA precursor 𝛼-linolenic acid (ALA) revealed a
consistent improvement of hippocampal neurogenesis in the
offspring, but only when the dam had been exposed to the
enriched diet also during pregnancy [177], highlighting the
importance of the appropriate timings of dietary interven-
tions for maximized results.

5.3. Impact of PUFA on Mood/Anxiety

5.3.1. Animal Studies. Recent studies focusing on the effects
of PUFA on mood/anxiety in animals are presented in
Table 2.

Rats exposed to an n-3-deficient diet during the gesta-
tional period and lactation presented with decreased brain
levels of DHA and plasticity markers, such as BDNF and
reduced activation of CREB in adulthood [184]. At the behav-
ioral level, these animals exhibited increased anxiety-related
phenotypes. Interestingly, similar biological changes but with
additional decreases in expression of other plasticity markers
such as GAP-43, Ca2+/calmodulin-dependent protein kinase
II (p-CAMKii), and phospho-synapsin have been observed in
rats initiallymaintained onn-3 fatty acid-rich diets during the
gestational period until postnatal week 12, when a transition
to a high-fat diet (low in n-3 fatty acids) was introduced [187].

Using a similar approach of switching rats from a PUFA-
enriched or deficient diet to a western-like diet (WD) with
higher percentage of fat and carbohydrates during the period
of brain maturation, Tyagi et al. report increased anxiety-
like behavior and decreased expression of the anxiety-related
NPY-1 receptor, along with disruption of BDNF signaling
in the frontal cortex of rats after mild traumatic brain
injury (mTBI) [188]. mTBI is an established important risk
factor for the development of psychiatric conditions such as
posttraumatic stress disorder (PTSD); these results highlight
the potential of healthy nutritional habits to counteract the
lowered threshold for the onset of neuropsychiatric illness
following mTBI. Indeed, n-3 fatty acid supplementation in

rodents as a means to improve AHN is under analysis for the
prevention of accidental injury-related PTSD [189].

A recent study further reinforces the idea that n-3
deficiency in rats might contribute to vulnerability to
stress [186]. Conversely, increased levels of hippocampal
BDNF associated with serotoninergic neurotransmission and
antidepressant effects have also been observed in rats exposed
to higher intake of fish oils [185].

5.3.2. Human Studies. The potential antidepressant action
of PUFA has been suggested to be true not only in animal
studies, but also in human subjects [190–192].

Frequent fish consumption (and, in some cases, seafood
intake as a whole) has been associated with decreased risk of
depression and suicidal ideation [193], higher self-reported
mental health status [194], and decreased prevalence of post-
partum depression [195]. Moreover, the low concentrations
of n-3 fatty acids in the blood of depressed patients [196, 197]
also support the potential role of altered levels of PUFA in the
development of depression. Furthermore, in patients diag-
nosed with unipolar depression, EPA treatment decreased
symptoms of depression to a similar level to that of fluoxetine
[198]. With special reference to translational potential, the
effects of combined EPA and fluoxetine treatment were
superior when compared to either intervention alone.

Besides their beneficial roles in unipolar depression, n-3
fatty acids have also been proposed to ameliorate depressive
symptoms in context of bipolar disorder [199]. In addition,
n-3 PUFA supplementation also decreased depressive and
anxiety symptoms in early postmyocardial infarction patients
[200], although some studies failed to show any improvement
in depressive symptoms among this population [201].

Some authors argue that the antidepressant effects of
PUFA are only identifiable within populations with severe,
diagnosed depression [191, 201]. Whilst there is evidence to
support this position in depression, it appears that this is not
the case for anxiety. Indeed, n-3 fatty acid supplementation
reduced symptoms in healthy, nonclinical anxious individu-
als [202].

Together, these findings identify PUFA supplementation
as a potential translational tool in context of mood and anx-
iety disorders; however, depression and anxiety may arise in
different contexts, comorbidwith othermedical conditions—
psychiatric or not—and, thus, the exact doses, onset, and
duration of PUFA supplementation for maximized results
within different patient subsets requires further investigation.

5.4. Impact of PUFA on Aging

5.4.1. Animal Studies. Supplementation of docosapentaenoic
acid DPA, an intermediate molecule in the metabolism of
DHA from EPA, preserves hippocampal function in the aged
brain as evidenced by elevated measures of enhanced LTP
when compared to control-fed counterparts [203]. Similarly,
EPA has also been reported to preserve LTP in aged rats [67].

These findings complement recent data demonstrating
a positive effect of dietary supplementation with PUFA
on spatial memory in aged mice [203, 204]. Further to
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this, age-related decline in spatial memory performance is
reflected by a decrease in c-Fos expression with age [205]. c-
Fos expression reflects a neuronal response to extracellular
signals such as growth factors and is triggered during action
potentials [205]. Notably, provision of n-3 PUFA attenuates
age-related declines in c-Fos expression [204].

Other studies, however, have reported little or no protec-
tive effects of DHA/EPA-enriched diets on aged-associated
cognitive decline [174]. Such discrepancies in the literature
are likely attributable to differences in length and/or compo-
sition of PUFA supplementation.

The positive effects of PUFA supplementation upon age-
related cognitive decline in animals are likely governed by
antioxidant [203] and anti-inflammatory mechanisms [204].
It will be of great interest to further explore howmechanisms
related to brain plasticity also putatively contribute to PUFA-
mediated reversal of age-related cognitive decline.

5.4.2. Human Studies. Evidence from observational studies
largely suggests that n-3 enriched diets may protect individ-
uals from or slow down cognitive decline in the elderly pop-
ulation [206, 207]. For example, van Gelder and colleagues
report results from a 5-year population-based prospective
study of cognitive decline in relation to fish, EPA, and DHA
consumption in a cohort of 210 nondemented elderly men
(age range: 70–89) from the Netherlands [208]. Multivariate
linear regression analyses revealed that, among individuals
consuming fish, cognitive decline was significantly lower
when compared to their counterparts who consumed no
fish [208]. Further to this, the authors reported a dose-
response relation between increased intake of EPA+DPA
and less cognitive decline. Similarly, a 5-week crossover
trail evaluating the impact of fish oil n-3 PUFA intake on
cognitive performance revealed that PUFA supplementation
in a Swedish cohort of 40 healthy middle-aged to elderly
subjects (mean age: 63 ± 5 years) significantly improved
working memory [209].

In a recent study, Titova and coworkers explored whether
EPA and DPA intake impacted not only cognitive perfor-
mance at 75 years, but also brain volume in a healthy cohort of
252 Swedish participants with a baseline age of 70 and a low
dietary intake of these fatty acids at the start of study [210].
Multivariate analyses revealed that self-reported increases in
EPA and DHA intake at 70 years positively associated with
both cognitive performance and global grey matter volume
[210].

It must be noted that not all clinical studies have reported
a positive relationship between n-3 PUFA consumption and
cognitive performance among the elderly population. For
example, in a sample of 1025 elderly men (mean age: 68
years) from the Boston Veterans Affairs Normative Aging
study, general linear models at both the cross-sectional and
longitudinal levels did not reveal any significant association
between fatty fish or n-3 PUFA intake and performance on
a battery of cognitive tests after a 6-year follow-up [211]. In
addition, a Cochrane review by Sydenham and colleagues
reports that the pooling of data from three randomised-
control trials of high-methodological quality also failed to

show any benefit of n-3 PUFA supplementation on cognitive
function in a sample of healthy elderly persons (age > 60
years), where n-3 PUFA supplementation occurred for at least
6months (total 𝑛 = 3536) [206]. It is possible that a protective
effect of n-3 PUFA intake on cognitive decline may only be
apparent with advancing age and marked cognitive decline.

On the whole, these findings do not support the data
from the animal studies above, whereby n-3 PUFA markedly
improves cognitive function in the aging brain. It is suggested
by Sydenham and colleagues that trials of longer duration are
required to better evaluate protective effects of PUFA sup-
plementation on cognitive function in the elderly population
[206].

5.5. Impact of PUFAs on AD

5.5.1. Animal Studies. The most recent animal findings on
the impact of PUFA on brain plasticity in AD models are
described in Table 3.

Supplementing transgenic mouse models of the disease
with a diet enriched mainly in DHA significantly lowered
the synthesis of 𝛽-amyloid peptides and the formation of
amyloid plaques [214]. With regard to brain plasticity, EPA
supplementation has been shown to prevent the inhibition of
LTP induced by 𝛽-amyloid [67].

Apolipoprotein 𝜀4 (apoE𝜀4) is a major genetic risk factor
for vascular dementia and sporadic AD [215]. Interestingly,
when compared to the apoE𝜀2 and apoE𝜀3 isoforms, apoE𝜀4
functions inefficiently as a cholesterol transporter [216, 217],
potentially impacting synaptogenesis and synaptic mainte-
nance through altered release of cholesterol [218]. Further to
this, maintaining mice with compromised apoE𝜀4 function
on a fish-oil diet resulted in improved behavioral and cogni-
tive performance [219].

It is posited that that enhanced beneficial effects can
come from multidietary approaches, rather than from the
supplementation of a single nutrient to patients at risk or
diagnosed with AD [220]. In order to explore the mechanism
by which multidietary nutrients putatively protect against
AD, Jansen and colleagues investigated the effects on, among
others, neural plasticity markers and associated behavior in
apoE4-carrier and apoE knockout mice of a diet containing
DHA, EPA, phospholipids, uridine monophosphate (UMP),
choline, B vitamins, and antioxidants [213].

At the behavioral level, the multinutrient diet exerted
anxiolytic effects for both apoE ko and wild-type mice;
an important effect given that anxiety and restlessness
are significantly correlated with impairments in activi-
ties of daily living in AD [221]. Further to this, Jansen
and colleagues also reported that the multinutrient diet
improved learning and spatial memory, but only in the
apoE ko mice. This diet-associated improvement in cog-
nition was independent of any change in synaptophysin-
labelled presynaptic boutons and in the number of neu-
roblasts in the DG. These observations are in line with
previous reports that failed to demonstrate an effect of n-
3 PUFA diets on synaptophysin levels; instead, it appears
that n-3 PUFAs exert their beneficial effects by improving
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synaptic function rather than synaptogenesis [219, 222].
With regard to the negative neuroblast finding, many studies
reporting a positive effect of n-3 PUFA, folic acid, and
vitamins and antioxidants on neurogenesis do so when
making comparisons against nutrient-deficient animals [178,
223]. This suggests that the beneficial effects of dietary inter-
ventions might become apparent only when neurogenesis is
severely compromised, as is the case during dietary deficiency
but not in the apoE4 and apoE ko mice.

In a separate but similar study, Jansen and coworkers
further affirm the anxiolytic effect of the PUFA-diet enriched
with phospholipids, choline, folic acid, vitamins B6, B12, C,
E, and selenium in a transgenic mouse model of AD [175].
Notably, n-3 PUFA on its own did not exert these effects,
suggesting that it is the combination of additional nutrients
which underlies the reductions in anxiety-like behaviour in
this mousemodel of AD. Both the PUFA only and PUFA plus
additional nutrients diet had no effect in attenuating spatial
learning, but mice in the latter group did show significant
increases in doublecortin positive cells, suggesting that the
multinutrient diet restored neurogenesis in this model of AD
[175].

5.5.2. Human Studies. Epidemiological studies suggest a role
of n-3 PUFAs in slowing cognitive decline among elderly
individuals and thus in reducing the incidence of AD [224].
For example, Morris and colleagues conducted a prospective
population-based study of 815 initially healthy individuals
(age range: 65–94) from the Chicago Health and Aging
Project, reporting that after an average of 3.9 years follow-up
the increased intake of DHA but not EPAwas associated with
a reduced risk of AD [225]. More recently, a study compared
the plasma levels of EPA and DHA among individuals
(age range: 55–91 years) with cognitive impairment but no
dementia (𝑛 = 55), patients with AD (𝑛 = 19), and
healthy volunteers (𝑛 = 61). Across the whole sample,
dietary intake of n-3 fatty acids, plasma DHA, and plasma
EPA positively predicted performance of delayed and verbal
recognition memory [226]. Further research is needed to
determine whether reduced levels of PUFA are secondary to
AD or contributors to disease pathophysiology and cognitive
decline. Interestingly, supplementation with n-3 PUFA has
also been shown to exert beneficial effects on depressive
symptoms and agitation in patients with mild to moderate
AD [227], complementing many of the findings described in
the animal studies section (Tables 2 and 3).

Intervention studies based on supplementation with n-3
PUFA, however, have proved to be disappointing, with many
studies failing to show any protective effect against AD or
cognitive decline except in some AD patients with very mild
cognitive impairment [228]. The failure of these interven-
tions, at least in part, are attributable to the testing in patients
already withmild tomoderate dementia, a too late time point
in the pathophysiological course of AD [229]. In addition,
these negative results may reflect intrinsic limitations in
the design of these trials such as the preponderance to
recruit healthier elderly participants who are moremotivated
to adhere to instructions to eat healthier and undertake

exercise more, thus confounding results by not being a truly
representative sample of the target population [167].

As described above, many other dietary compo-
nents/regimens possess diverse properties to promote
brain plasticity. Considering the complementary roles of
polyphenols and PUFA, it is not surprising that the specific
multinutrient diets containing a combination of these factors
have been developed to mitigate risk factors associated
with AD [230]. Indeed, two randomized, double-blind
controlled clinical trials reported that daily consumption
of such multinutrient component diets improved memory
performance in patients with mild AD [230, 231].

In summary, whether the lack of agreement between
mechanistic studies in animals and observational data in the
trial setting represents poor efficacy of n-3 PUFA in mitigat-
ing AD-induced cognitive decline or intrinsic limitations of
trial design remains an open question [228].

6. Discussion

6.1. Animal and Human Studies: Bridging the Gap. The
marked contribution of poor dietary habits to the ever
growing prevalence of neurological and psychiatric dis-
eases is increasingly recognized [232]. Many of the animal
studies and indeed some of the human studies described
above demonstrate that diet-induced brain plasticity offers
tremendous potential in promoting emotional and cognitive
well-being across a variety of contexts. In particular, diet
influences multiple aspects of brain plasticity, including neu-
rodevelopment, neurotrophins, neurogenesis, synaptogene-
sis, and ultimate activity at the brain network level (Figure 1).
Together these processes underlie and influence cognitive
and mood/emotional processing, thus positioning diet as a
key modulator of brain structure and function.

Importantly, diet-induced brain plasticity is putatively a
low-cost and effective means to protect against the debili-
tating effects of psychiatric and neurological disorders. This
viewpoint is strongly supported by many of the cellular and
molecular animal studies discussed which together indicate
that in addition to being a noninvasive intervention diet
entails a “broad spectrum of action” [233]. Notably, the wide
range of cellular and molecular mechanisms engaged by
dietary factors and regimens such as CR, IF, polyphenols, and
PUFAs can be advantageous for the treatment of neurological
disorders characterized by diffuse pathology and deficits
across multiple cellular domains. This indicates that diet
has strong translational potential and is further supported
by the promising results from epidemiological studies that
have shown that these dietary factors entail improvements in
emotional and cognitive domains in humans [153, 209, 234].

We now discuss some of the other factors involved in
the so-called translational gap, namely, important caveats
and obstacles that must be considered if diet-induced brain
plasticity is to be successfully implemented in the clinical
setting.

6.2. Combining Diet and Exercise. Feeding and exercising
are complementary aspects of regulating energy balance that
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Figure 1: Different dietary interventions in animal and human studies are believed to modulate various aspects of brain plasticity and in
turn influence behaviour. Animal studies provide the vast majority of our current mechanistic understanding of the potential mechanisms by
which dietary interventions impact brain plasticity. Further mechanistic studies aiming to fill the gap in our understanding of how diet can
modulate plasticity and promote mental health in human populations are clearly needed. Moreover, additional intervention studies are also
required to demonstrate efficacy, enabling the safe translation of such dietary interventions into clinical practice or incorporated into our daily
lifestyles to enhance brain health/function and well-being. In red, effects induced by CR; in purple, effects induced by IF; in green, effects
induced by supplementation with polyphenols; in orange, effects induced by PUFAs. AD: Alzheimer’s disease; AHN: adult hippocampal
neurogenesis; BDNF: brain-derived neurotrophic factor; CBF: cerebral blood flow; CBV: cerebral blood volume; CORT: corticosterone;
CR: calorie restriction; CREB: cAMP responsive-element binding; 5-HT: 5-hydroxytryptamine; IF: intermittent fasting; GR: glucocorticoid
receptor; LTP: long-termpotentiation;MAO-A:monoamine oxidaseA;NMDAR:N-methyl-D-aspartate receptor; NE: noradrenaline; NPY-1:
neuropeptide Y type 1 receptor; PUFAs: polyunsaturated fatty acids.

have influenced the evolution of the modern brain over
thousands of years [124]. Given that the brain poses the
largest demand on oxygen consumption, it is not surprising
that energy metabolism has a profound influence on brain
function [127]. In particular, both food consumption and
physical activity stimulate mitochondrial activity and thus
energy provision to the brain which in turn modulates the
signaling pathways linked to neuronal function and brain
plasticity [127].

In addition to its role in enhancing brain plasticity,
BDNF has also been implicated in modulating brain energy
metabolism, as evidenced by studies that demonstrate that
perturbed BDNF signaling can manifest in metabolic disor-
ders such as obesity [45]. Together, these studies reveal that
BDNF plays a key role in both brain energy metabolism and
plasticity, demonstrating a strong and influential relationship
between diet, exercise, and brain function [45, 127].

Similar to diet, exercise entails a “broad spectrum of
action” and also effectively promotes brain plasticity through
the increases of neurogenesis, neurotrophins levels, and
synaptic plasticity [235]. Indeed, it is possible that exercise
potentiates the health-promoting effects of diet components
and vice versa at the cellular and molecular levels. For
example, it has recently been demonstrated that exercise
works in tandem with a DHA-enriched diet to enhance
cognitive function [236]. In particular, exercise appears to act
onmechanisms that preserve DHA on the plasmamembrane
and in turn enhance neurotransmission [233]. In addition,
the concurrent effects of DHA diet and exercise engage
BDNF-mediated synaptic plasticity [237].

Further to this, in a rodent model of traumatic brain
injury (TBI), the combination of DHA supplementation
and voluntary exercise restored membrane homeostasis to
counteract the detrimental effects of TBI onmany parameters
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of synaptic plasticity and cognition [238]. With regard to
synaptic plasticity, exercise greatly enhanced the action of
DHAsupplementation on levels of BDNFandTrkB activation
following TBI [238]. Together, these data reveal a strong
and novel interaction between diet and exercise, whereby
aspects of these lifestyles intersect at the molecular level
under pathological conditions to promote brain plasticity
[238].

Similarly, exercise and flavonoid-enriched diets together
promote the elevation of genes that promote brain plasticity
whilst decreasing expression of markers known to compro-
mise this plasticity, including those related to inflammation
and cell death [239]. Moreover, exercise has also been shown
to markedly reduce the effects of a diet rich in saturated
fats through the counteracting of declines in BDNF-mediated
synaptic plasticity in the hippocampus [240].

The combination of exercise and CR is particularly
noteworthy. In this paradigm, typically, 12.5% of the energy
restriction comes from adherence to a restricted diet and
the other 12.5% comes from increased energy expenditure
via exercise [33]. The principal advantage of combining CR
with exercise is that individuals may find it easier to comply
with energy restriction if this split between CR and exercise-
induced expenditure [241]. Therefore CR plus exercise may
well prove viable and effective means of promoting brain
plasticity. Some studies, however, have reported that CR plus
exercise does not elicit positive changes to health other than
those elicited by CR. For example, animals maintained on an
80% CR plus exercise regimen demonstrated no significant
changes in oxidative stress, in proinflammatorymarkers [242,
243], or upon extension of life span [244].

6.3. Diet-Induced Brain Plasticity in the Modern World. In a
thought-provoking study, Agrawal andGomez-Pinilla reason
that “unhealthy dietary habits are difficult or almost impossi-
ble to completely eliminate” and that this grim reality neces-
sitates the concurrent supplementation of healthier dietary
components to popular diets as a strategy to counteract
metabolic dysfunction in the brain and ultimately to protect
mental health [245]. In particular, these authors investigated
whether a DHA-enriched diet could counteract the debilitat-
ing effects of insulin resistance on brain plasticity. Deficiency
of n-3 exacerbated a decline in spatial memory performance
in proportion to the intensity of insulin resistance. Further to
this, the authors observed that rats fed with the n-3 diet were
able tomaintain the ratio of n-6/n-3 within the normal range,
even in the presence of fructose, indicating preservation
of membrane fluidity and in turn promotion of synaptic
plasticity and cognition [245].

Further to this, n-3 deficiency decreases phosphorylation
of CREB and reduces the levels of two markers of synaptic
plasticity—synapsin I and synaptophysin [245]. Importantly,
fructose consumption potentiated this effect. Together, data
from this study implies that adequate levels of DHA are
particularly necessary under challenging conditions such as
the metabolic syndrome, and given the abundant consump-
tion of sugars in western society, proper consumption of

DHA emerges may be an important means to preserve brain
plasticity.

6.4. The Challenge of Imaging Brain Plasticity. Whilst cogni-
tive behavioral testing in human subjects and animals is a
necessary and appropriate means of assessing brain plasticity
following dietary intervention, there is a pressing need to
relate cognition, mood/emotionality, and behavior to in vivo
structural and dynamic quantitative assessments which will
enable direct inference of a diet-induced effect on the brain
[125]. We have described above several examples whereby
AHN appears to be enhanced following dietary intervention
but investigation of both the dynamics and functions of AHN
in humans has remained challenging owing to the absence of
accepted macroscopic neuroimaging readouts [246].

Brain imaging studies utilizing fMRI and transcranial
Doppler ultrasound have revealed that efficient cerebral
blood flow (CBF) is integral to optimal brain function as
evidenced by marked reductions in CBF among individuals
with impoverished cognitive performance and patients diag-
nosed with dementia [247, 248]. As such, the observation
that 1-2 hour infusion of subtypes of polyphenol markedly
and rapidly increases CBF measures in human subjects is of
great interest [249, 250]. Further to this, intervention with
a flavonol-rich drink derived largely from cocoa increased
blood flow, asmeasured by the blood oxygen level-dependent
(BOLD) signal on fMRI, in certain regions of the brain as well
as modifying the BOLD response during a task switching test
[249]. Whilst these studies primarily focus on the flavanol
subset of polyphenols (e.g., cocoa), it is highly plausible to
suggest that other polyphenols, particularly those rich in
other flavonols such as grapes and blackcurrants, may also
impact positively CBF [125].

More definitive proof of diet-induced brain plasticity will
require such fMRI measures to be compared with changes
in regional grey matter volume as well as biomarkers of
NSCs using proton NMR spectroscopy [125]. As such, by
combining a multimodal neuroimaging, biochemical, and
behavioral approach, the effects of diet on brain plasticity
will be better illuminated in a mechanistic, dynamic, and
quantitative way. Despite these challenges, the diet field can
take inspiration from a recent study by Voss and colleagues
that assessed the effects of exercise on brain plasticity in
combination with fMRI investigation [87].

6.5. Animal versus Human Brain Plasticity. Perhaps more
important than the technical challenges described in
Section 6.4, with regard to trying sensitively capturing
dynamic processes such as neurogenesis in the human brain,
is to acknowledge possible fundamental neurobiological
and functional differences related to brain plasticity when
extrapolating from findings in animals to humans. Taking
adult hippocampal neurogenesis as an example, whilst
the levels of this process appear comparable in middle-
aged rodents and humans [251], it is now appreciated
that age-related declines in rodents are potentially more
pronounced than in humans [251, 252]. Such an observation
has implications for dietary regimens known to specifically



Neural Plasticity 23

increase neurogenesis in older animals, as there is a
possibility that these same regimens will not elicit the
same magnitude of increases because the baseline levels of
neurogenesis are potentially higher in elderly humans.

These remarks, however, do further emphasize the need
for improved in vivo temporal and spatial resolutions ofNSCs
in both animals andhumans, in order to facilitate robust com-
parisons as well as quantitatively determine changes in the
levels of NSCs during and following a dietary intervention.

6.6. Genetic Interaction. Diet-gene interactions are pivotal in
mediating the effects of diet-induced brain plasticity, with
subsequent effects on brain (patho)physiology [253]. Indeed,
single nucleotide polymorphisms, copy number variants,
modifications to the epigenome as well as the activity of
microRNAs, and long noncoding RNAs can all modify the
effects of nutrition on gene expression [253].

Intriguingly, a recent study reported that 9 dietary
polyphenols appear to counteract the modulation of dif-
ferentially expressed miRNAs in apoE knockout mice, sug-
gesting that polyphenols engage similar mechanisms [254].
Whilst the precise functions of these miRNAs remain to
be elucidated as well as the extent of the influence of the
ApoE genotype on modulating the effects of polyphenols on
miRNA expression, this type of study clearly demonstrates
that diet-gene interaction is yet another important player and
requires further investigation [253].

More generally, animal studies afford the possibility to
investigate the impact of interventions on a genetically
homologous cohort. In contrast, extrapolating findings from
such animal studies to heterogeneous humans necessitates
caution owing to varying genetic backgrounds of partici-
pating subjects. Moreover, this heterogeneity also limits the
generalizability from one population to another owing to
differences in factors related to lifestyle and ethnicity.

6.7. Supplementation and BBB Permeability. DHA has a
multitude of actions at the cellular and molecular level,
making it difficult to ascribe recommended levels of intake
[124]. Indeed, a number of studies have demonstrated that
a varied range of n-3 intake can have beneficial effects on
mental health [255]. It must be emphasized that these effects
are dependent on the length of supplementation and are likely
to be influenced by baseline levels [124].

Current recommendations issued by the dietary sup-
plement industry for resveratrol are 20mg per day but it
must be stressed that these recommendations are not specific
to enhancing synaptic plasticity or exerting an effect on
brain function [255]. As such, clinical applications of dietary
polyphenols supplementation in context of emotional health
or neurodegenerative disease demands further research [124].

Owing to the effects of gut enzymes on the metabolism
of polyphenols, their metabolites exhibit a wide range
of bioavailability [256]. The ability of the metabolites of
polyphenols to cross the blood brain barrier (BBB) is a
major determinant of their bioavailability to brain cells [127].
Importantly, many polyphenols have been claimed to exert
neuroprotective effects but many polyphenols have also been

demonstrated to be incapable of crossing the BBB, suggesting
that their suggested benefits to the brainmay arise via indirect
or other pathways [127]. As reviewed above, the identification
and profiling of bioavailability and pharmacokinetics of
specific metabolites of polyphenols by Wang et al. 2012 [159]
and Ho et al. 2013 [160] that not only penetrate the BBB but
also act on AD neuropathology as well as promote neuronal
plasticity provide two considered examples of attempts to
translate the observed epidemiological benefits of grape-
derived products and red wine in AD into clinical applica-
tions.

6.8. Ethical and Socioeconomic Considerations. It must be
noted that the long-term effects of CR (over 1 year) in
elderly persons remain to be elucidated and as such caution
must be followed before engaging in a CR regimen [97].
Whilst there are encouraging signs from studies in animal
models regarding the benefit of CR and/or IF to mitigate or
delay the onset of AD, it must be noted that malnutrition
is a common problem among the elderly; as such, dietary
recommendations will have to take into consideration this
background [98].

In addition, it is not known whether the putative benefits
of CR are confined to the restriction period or long lasting
after the intervention, of which the length also remains to be
determined [97]. More likely, CR will be the most effective
when undertaken in conjunction with exercise or intellectual
and environmental enrichment [97]. Given these concerns,
IF appears a more feasible option for humans rather than
lifelong CR which may prove to be difficult to adapt to over a
lifetime [112]. Further to this, reports have shown that long-
term CRmay entail detrimental effects on cognitive ability in
middle- and old-aged rats, attributable to low blood glucose
levels [257].

Socioeconomic position (SEP) as determined by param-
eters such as income, education, and occupation is an
important determinant of dietary intake with higher SEP
generally related to better diet quality [258]. Interestingly,
SEP is also associated with differences in cognitive function
across life [259, 260]. Like diet, animal evidence suggests
that conditions simulating SEP modulate neurobiological
mechanisms implicated in brain plasticity and the structural
and functional changes in response to these life experiences
[261].

Parrott and colleagues investigated whether SEP influ-
ences the impact of diet quality on cognitive function. They
observed that cognitive benefits of adherence to a “prudent”
(healthy) dietary pattern were garnered regardless of SEP.
These benefits were also differential; for example, higher
adherence to this diet was associated with less decline in
those with low SEP, whereas it was associated with better
performance among those with high SEP [262]. The authors
propose that these findings are consistent with the concept of
cognitive reserve, whereby individual differences in lifestyle
may allow for more successful accommodation of age-related
brain changes by protecting the amount of neural substrate
or the efficiency of brain networks mediating performance
[263].
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7. Conclusion

Whilstmuch remains to be elucidated at themechanistic level
in both animal and humans, the current literature provides
robust evidence for the essential roles played by dietary fac-
tors in promoting brain plasticity. Animal studies reveal that
a multitude of dietary regimens and components increase the
levels of adult hippocampal neurogenesis and neurotrophins
as well as acting to enhance synaptic function. These cellular
andmolecular changes likely underlie marked improvements
in cognitive performance and emotional regulation across a
number of disease contexts in animals maintained or supple-
mented on these different dietary regimens. Moreover, this
inference is supported by the largely positive epidemiological
studies, positioning diet as an important factor in disease risk,
progression, and severity.

Taken together, we argue that whilst the field must be
mindful of the “gap” between the effects of diet across animal
and human studies it is by no means insurmountable and
perhaps smaller than first envisaged. Importantly, future
dietary intervention studies must take into account timing of
treatment onset and its duration; synergistic/additive effects
with multiple dietary components and exercise; longitudinal
andmultimodalmeasurements; the longevity of diet-induced
effects. It can be concluded that an appropriate dietary
intake, encompassing the aforementioned considerations—
food amount, frequency, and content—should be actively
encouraged as a cost-effective, noninvasive, and broad spec-
trum public health initiative for both the prevention and
amelioration of neuropsychiatric disorders.
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F. Gómez-Pinilla, “Exercise reverses the harmful effects of
consumption of a high-fat diet on synaptic and behavioral
plasticity associated to the action of brain-derived neurotrophic
factor,” Neuroscience, vol. 123, no. 2, pp. 429–440, 2004.

[241] J. F. Trepanowski, R. E. Canale, K. E. Marshall, M. M. Kabir,
and R. J. Bloomer, “Impact of caloric and dietary restriction
regimens on markers of health and longevity in humans and
animals: a summary of available findings,” Nutrition Journal,
vol. 10, no. 1, article 107, 2011.

[242] A. Y. Seo, T. Hofer, B. Sung, S. Judge, H. Y. Chung, and C.
Leeuwenburgh, “Hepatic oxidative stress during aging: effects
of 8% long-term calorie restriction and lifelong exercise,”
Antioxidants and Redox Signaling, vol. 8, no. 3-4, pp. 529–538,
2006.

[243] K. C. Deruisseau, A. N. Kavazis, S. Judge et al., “Moderate
caloric restriction increases diaphragmatic antioxidant enzyme
mRNA, but not when combined with lifelong exercise,” Antiox-
idants and Redox Signaling, vol. 8, no. 3-4, pp. 539–547, 2006.

[244] J. O. Holloszy, “Mortality rate and longevity of food-restricted
exercising male rats: a reevaluation,” Journal of Applied Physiol-
ogy, vol. 82, no. 2, pp. 399–403, 1997.

[245] R. Agrawal and F. Gomez-Pinilla, “Metabolic syndrome’ in the
brain: deficiency in omega-3 fatty acid exacerbates dysfunctions
in insulin receptor signalling and cognition,” The Journal of
Physiology, vol. 590, part 10, pp. 2485–2499, 2012.

[246] N. F. Ho, J. M. Hooker, A. Sahay, D. J. Holt, and J. L. Roffman,
“In vivo imaging of adult human hippocampal neurogenesis:
progress, pitfalls and promise,”Molecular Psychiatry, vol. 18, no.
4, pp. 404–416, 2013.

[247] Y. Nagahama, H. Nabatame, T. Okina et al., “Cerebral correlates
of the progression rate of the cognitive decline in probable
Alzheimer’s disease,” European Neurology, vol. 50, no. 1, pp. 1–9,
2003.

[248] A. Ruitenberg, T. Den Heijer, S. L. M. Bakker et al., “Cerebral
hypoperfusion and clinical onset of dementia: the Rotterdam
Study,” Annals of Neurology, vol. 57, no. 6, pp. 789–794, 2005.

[249] S. T. Francis, K. Head, P. G. Morris, and I. A. Macdonald, “The
effect of flavanol-rich cocoa on the fMRI response to a cognitive
task in healthy young people,” Journal of Cardiovascular Phar-
macology, vol. 47, supplement 2, pp. S215–S220, 2006.

[250] N. D. Fisher, F. A. Sorond, and N. K. Hollenberg, “Cocoa
flavanols and brain perfusion,” Journal of Cardiovascular Phar-
macology, vol. 47, supplement 2, pp. S210–S214, 2006.

[251] K. L. Spalding, O. Bergmann, K. Alkass et al., “Dynamics of
hippocampal neurogenesis in adult humans,” Cell, vol. 153, no.
6, pp. 1219–1227, 2013.

[252] S. W. Lee, G. D. Clemenson, and F. H. Gage, “New neurons in
an aged brain,” Behavioural Brain Research, vol. 227, no. 2, pp.
497–507, 2012.

[253] M. J. Dauncey, “Genomic and epigenomic insights into nutri-
tion and brain disorders,” Nutrients, vol. 5, no. 3, pp. 887–914,
2013.

[254] D. Milenkovic, C. Deval, E. Gouranton et al., “Modulation of
miRNA expression by dietary polyphenols in apoE deficient
mice: a new mechanism of the action of polyphenols,” PLoS
ONE, vol. 7, no. 1, Article ID e29837, 2012.

[255] N. Sinn, C. Milte, and P. R. Howe, “Oiling the brain: a review
of randomized controlled trials of omega-3 fatty acids in
psychopathology across the lifespan,”Nutrients, vol. 2, no. 2, pp.
128–170, 2010.

[256] K. A. Wollen, “Alzheimer’s disease: the pros and cons of phar-
maceutical, nutritional, botanical, and stimulatory therapies,
with a discussion of treatment strategies from the perspective
of patients and practitioners,” Alternative Medicine Review, vol.
15, no. 3, pp. 223–244, 2010.

[257] S. Yanai, Y. Okaichi, and H. Okaichi, “Long-term dietary
restriction causes negative effects on cognitive functions in rats,”
Neurobiology of Aging, vol. 25, no. 3, pp. 325–332, 2004.

[258] A. Aggarwal, P. Monsivais, A. J. Cook, and A. Drewnowski,
“Does diet cost mediate the relation between socioeconomic
position and diet quality?” European Journal of Clinical Nutri-
tion, vol. 65, no. 9, pp. 1059–1066, 2011.

[259] G. Turrell, J.W. Lynch,G. A. Kaplan et al., “Socioeconomic posi-
tion across the lifecourse and cognitive function in late middle
age,” The Journals of Gerontology B: Psychological Sciences and
Social Sciences, vol. 57, no. 1, pp. S43–S51, 2002.

[260] A. S. Karlamangla, D. Miller-Martinez, C. S. Aneshensel, T. E.
Seeman, R. G.Wight, and J. Chodosh, “Trajectories of cognitive
function in late life in the United States: demographic and
socioeconomic predictors,” American Journal of Epidemiology,
vol. 170, no. 3, pp. 331–342, 2009.

[261] D. A. Hackman, M. J. Farah, andM. J. Meaney, “Socioeconomic
status and the brain: mechanistic insights from human and
animal research,”Nature Reviews Neuroscience, vol. 11, no. 9, pp.
651–659, 2010.

[262] M. D. Parrott, B. Shatenstein, G. Ferland et al., “Relationship
between diet quality and cognition depends on socioeconomic
position in healthy older adults,” Journal of Nutrition, vol. 143,
no. 11, pp. 1767–1773, 2013.

[263] J. Steffener and Y. Stern, “Exploring the neural basis of cognitive
reserve in aging,” Biochimica et Biophysica Acta, vol. 1822, no. 3,
pp. 467–473, 2012.



Review Article
Modulation of Adult Hippocampal Neurogenesis by Early-Life
Environmental Challenges Triggering Immune Activation

Ksenia Musaelyan,1,2,3 Martin Egeland,1,2 Cathy Fernandes,3 Carmine M. Pariante,1,2

Patricia A. Zunszain,1,2 and Sandrine Thuret1

1 Centre for the Cellular Basis of Behaviour, Institute of Psychiatry, King’s College London, The James Black Centre,
125 Coldharbour Lane, London SE5 9NU, UK

2Department of Psychological Medicine, Institute of Psychiatry, King’s College London, The James Black Centre,
125 Coldharbour Lane, London SE5 9NU, UK

3MRC Social, Genetic & Developmental Psychiatry Centre, Institute of Psychiatry, King’s College London,
16 De Crespigny Park, London SE5 8AF, UK

Correspondence should be addressed to Sandrine Thuret; sandrine.1.thuret@kcl.ac.uk

Received 31 January 2014; Accepted 11 April 2014; Published 7 May 2014

Academic Editor: Aniko Korosi

Copyright © 2014 Ksenia Musaelyan 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.

The immune system plays an important role in the communication between the human body and the environment, in early
development as well as in adulthood. Per se, research has shown that factors such asmaternal stress and nutrition as well asmaternal
infections can activate the immune system in the infant. A rising number of research studies have shown that activation of the
immune system in early life can augment the risk of some psychiatric disorders in adulthood, such as schizophrenia and depression.
The mechanisms of such a developmental programming effect are unknown; however some preliminary evidence is emerging in
the literature, which suggests that adult hippocampal neurogenesis may be involved. A growing number of studies have shown
that pre- and postnatal exposure to an inflammatory stimulus can modulate the number of proliferating and differentiating neural
progenitors in the adult hippocampus, and this can have an effect on behaviours of relevance to psychiatric disorders. This review
provides a summary of these studies and highlights the evidence supporting a neurogenic hypothesis of immune developmental
programming.

1. Introduction

Adult hippocampal neurogenesis is a complex process which
includes continuous renewal of the hippocampal stem cell
pool and generation of new neurons in the dentate gyrus
(DG) of the hippocampus during adult life [1]. As neurogene-
sis is considered to be an important contributor to the neuro-
plastic ability of the hippocampus, it is suggested that it can be
influenced by multiple environmental factors. The immune
system plays a key role in the communication between the
body and the environment [2]. Therefore investigating the
relationship between the immune system and hippocampal
neurogenesis can provide an important insight into the
impact of environmental factors on a neurogenic niche, a

region where neurogenesis occurs in a regulatory microen-
vironment. Recent research indicates that adult hippocampal
neurogenesis is indeed extensively affected by elements of the
immune response such as activated microglia and cytokine
release. Immune activation has been shown to play an
important role in many neuropsychiatric diseases such as
Alzheimer’s disease, schizophrenia, autism, and depression
[3]. Importantly, a growing number of studies report that
immune activation in utero can augment the risk of these
disorders in adulthood. Accordingly, maternal infections
have been associated with increased risk of schizophrenia
and autism [4, 5]. In depression, early-life factors which are
known to increase the risk of the disorder in adulthood,
such as maternal anxiety and perinatal depression as well as
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traumatic postnatal life events, are associated with changes
in the immune system [3, 6, 7]. This evidence suggests that
environmental factors in early-life predispose individuals
to the development of psychopathological conditions in
adulthood, potentially via the activation of the immune
system.Themechanismof such developmental programming
is unknown; however some preliminary evidence is emerging
in the literature which suggests that adult hippocampal
neurogenesis may be involved. The neurogenic hypothesis
of immune developmental programming is still in its early
days and this reviewwill summarize the emerging supporting
evidence available to date.

2. The Effect of Inflammation on Hippocampal
Neurogenesis in Adult Life

The relationship between inflammatory factors and adult
hippocampal neurogenesis has been a focus of multiple
studies during recent years. Most of the knowledge in this
area comes from studies which used lipopolysaccharide
(LPS) or cytokine administration to model the inflammatory
state. LPS is a bacterial endotoxin which is commonly
used to reproduce an immune response where its systemic
administration induces a behavioural phenotype known as
“sickness behavior,” through an increase of the levels of
proinflammatory cytokines in peripheral blood as well as in
the brain [8].The central effect of LPS can be attributed to the
activation of microglia, which is known to release cytokines
in the activated state. In 2003, Ekdahl and coworkers [9]
demonstrated that direct intracortical administration of LPS
dramatically reduced the survival of newly generated neurons
in the adult hippocampus, while Monje and coworkers found
the same effect of peripheral LPS administration [10]. Other
studies supported the role of individual cytokines in this
process, demonstrating that overexpression of interleukin 6
(IL-6) and interleukin 1 beta (IL-1𝛽) in the brain as well as
systemic administration of tumor necrosis factor alpha (TNF-
𝛼) can reduce cell proliferation and neuronal differentiation
in the adult hippocampus, stimulating more progenitor cells
to differentiate into astrocytes [11–13]. An in vitro studywhich
employed human hippocampal stem cell line confirmed that
this effect also occurs in human hippocampal cells [14].
Moreover it appears that not only the production, but also
the function of new neurons is affected by inflammation.
Accordingly, Belarbi and coworkers showed that chronic
exposure to LPS decreased the recruitment of new neurons
into hippocampal networks following training in a spatial
exploration task [15]. This further suggests that neurogen-
esis might be responsible for the cognitive deficits seen in
infectious diseases accompanied by inflammation. Currently,
microglial activation and cytokine release are also suggested
to be an underlying mechanism of neurogenic decline in
noninfectious conditions such as Alzheimer’s disease and
normal aging [16].

3. Programming Effects of Early-Life
Immune Activation

3.1. Early-Life Immune Activation in Humans: Consequences
for Adult Behaviour and Psychopathology. Studies have

shown that inflammation plays a specific neuroregulatory
role not only in adult life and aging, but also in early
development. Thus clinical evidence suggests that prenatal
exposure to maternal infections predisposes an individual
to the development of neuropsychiatric diseases such as
schizophrenia and autism [5]. However the causality of
immune activation extends beyond infectious conditions. It
has been shown that other environmental factors apart from
exposure to infectious agents can activate the immune system
in mother and child. Nutritional status of mother-infant
dyad can have a profound effect on the developing immune
system. While maternal nutrition during pregnancy insures
sufficient availability and transfer of immune factors to the
foetus and can influence the development of the immune
system, postnatal nutrition has an additional function of
introducing the infant’s immune system to food antigens and
subsequent development of optimal immune tolerance of
the gut. Impaired immune tolerance can lead to gut inflam-
matory disease and food allergies, conditions which lead to
chronic activation of the immune system [17]. Moreover,
food is one of the most important sources of environmental
contaminants, toxic compounds created by industrial activity.
Exposure to these xenobiotics can lead to developmental
immunotoxicity (reviewed in [6]). Importantly, psychosocial
factors can also affect immune system in the early-life.
Thus maternal stress and anxiety have been shown to affect
immune communication between mother and foetus which
in turn affects the postnatal immunological status of the child.
As such, maternal anxiety has been associated with reduced
adaptive immunity in infants [18], while prenatal exposure
to stress has been linked to increased risk of infectious
disease-related hospitalisation in childhood [19]. Similarly for
postnatal stress, Danese and colleagues described a positive
association between childhoodmaltreatment and an increase
in the inflammatory marker C-reactive protein in adulthood
[7].

3.2. Early-Life Immune Activation in Animal Models: Con-
sequences for Adult Immune and Stress Response Regulation.
While human data in this field are still quite limited, animal
studies provide abundant evidence demonstrating the link
between perinatal immune activation and consequences for
the immune system and stress susceptibility in adulthood.
These studies, in linewith the inflammation andneurogenesis
studies described above, also use LPS to activate the immune
system; however E. coli infection was employed by some
research groups to stimulate immune response [20–22].Most
of the studies show that immune stimulation over the first
few days of life leads to changes in the cytokine production
in the brain in response to LPS exposure in adulthood. Thus
Bilbo and colleagues showed that neonatal E. coli infection
at PND 4 led to an increase in IL-1𝛽 protein shortly after
(1.5 hrs) adult LPS exposure. Interestingly this effect was
specific for the hippocampus and parietal cortex [21], while
hypothalamic IL-1𝛽 protein content was decreased in the
same conditions [22]. These changes also correlated with
hippocampal function, as neonatally exposed rats displayed
memory impairment in the contextual memory task follow-
ing LPS injection in adulthood [22]. Furthermore, neonatally
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infected rats had persistently elevated levels of microglial
activation markers such as major histocompatibility complex
II (MHCII) and Iba-1 in the hippocampus in adulthood [20,
22, 23].This increasemay suggest that hippocampalmicroglia
remained in a “primed” state during adulthood, characterised
by an exaggerated proinflammatory response when exposed
to the immune challenge [24]. Interestingly, the direction
of observed change in cytokine content might be time- and
dose-specific. This is exemplified in a study by Kohman
et al. who observed an opposing decrease in hippocampal
IL-1𝛽 gene expression looking specifically at expression in
4 hours (rather than 1.5 hours) after LPS injection in an
otherwise similar study design [25]. While this decrease can
be a compensatory response to an elevation of the protein
content observed at 1.5 hrs after the injection [21], it is also
possible that the difference in the direction of the response
is due to the dose difference between the studies, as the dose
of LPS used by Kohman et al. to challenge immune system
in adulthood is 10 times higher than that described in the
previous studies [20–22]. Nonetheless, these studies indicate
that neonatal infection can modulate adult immune response
in the hippocampus. Interestingly, none of these studies
found change in peripheral cytokine levels in neonatally
exposed animals. However, a study which exposed rat pups
to LPS at a later time point, PND 14, described an attenuated
elevation of blood cytokines in response to LPS challenge
in adulthood [26]. Such discrepancy demonstrates that the
timing of postnatal exposure can significantly influence
the type of response observed in adulthood. Indeed it has
been shown that some of the proteins involved in immune
response to antigens such as LPS-binding protein (LBP) are
not expressed during the first week of life [27]. Interestingly
LBP expression peaks at PND 14, which might explain the
more robust effects observed in Ellis et al.’s study described
previously.

Early-life inflammatory challenges have also been shown
to cause behavioural changes in adulthood. This is exem-
plified by how the stress response in adulthood has been
shown to be modulated by early-life LPS exposure with many
studies showing increased fear and anxiety-like behaviour
and decreased exploratory behaviour in relevant tasks such
as elevated plus maze and open field/hide box in response
to restraint stress [28–30]. The underlying mechanism of
this outcome is suggested to be the programming effects
of early-life LPS exposure on hypothalamo-pituitary-adrenal
(HPA) axis regulation. This notion is supported by observed
changes in endocrine factors on each level of the HPA axis.
More specifically, increased baseline corticotropin-releasing
hormone (CRH) expression in the paraventricular nucleus
of the hypothalamus [31], increased plasma concentrations
of adrenocorticotrophic hormone (ACTH), increased and/or
prolonged adrenal corticosterone release in response to stress
in neonatally LPS-exposed animals [31–34], and decreased
glucocorticoid receptor (GR) density in the hypothalamus,
hippocampus, and frontal cortex of adult animals, where GR
is thought to play a key role in negative feedback regulation
of the HPA axis [31].

Further aspects of behaviour such as reproductive func-
tion and memory have also been shown to be affected.

Thus Wu et al. showed that female rats exposed to LPS
in early-life displayed a significant delay in puberty and
disruption of oestrous cycle which persisted into adulthood
[35]. Moreover it has been demonstrated that neonatal LPS
exposure leads to a decrease in inflammatory stress resilience
of the female reproductive system by long-term sensitization
of gonadotropin releasing hormone (GnRH) regulator, a
central controller of reproduction. This effect was reflected
by increased suppression of luteinising hormone frequency
in response to adult LPS exposure [36]. In male animals,
early-life LPS exposure also has been shown to affect repro-
ductive function. Accordingly, Walker et al. demonstrated
that neonatally exposed male animals show reduced sexual
activity following stress, indicated by reduced amount of
mounts and ejaculation when presented with a female [37].

Learning- andmemory-related behaviours have also been
reported to be affected by prenatal or neonatal inflamma-
tory agent exposure. Specifically, Kohman et al. showed
that neonatally exposed rats show associative learning and
memory impairment in active avoidance conditioning task
[25], while a similar effect was observed in this task for adult
offspring of mice subjected to poly I : C injections during
pregnancy [38].

Thus, research demonstrates that early-life exposure to
inflammatory stimuli modulates multiple aspects of develop-
ment from the immune system to the stress response and,
furthermore, that some of these effects are specific for the
hippocampus. Importantly both immune system activation
and chronic stress are implicated in psychopathological
conditions such as anxiety and depression. Therefore, inves-
tigating the mechanisms through which early-life immune
activation exerts such a long-lasting effect on these systems
might shed light on the means by which early-life environ-
mental insults predispose individuals to the development of
psychopathology in adult life.

As some of the changes found to be affected by inflam-
mation early in development were specific for the hip-
pocampus, it follows that the hippocampus would be a first
target in search of the underlying mechanism. Indeed, the
hippocampus is an interesting brain area as it has been
recently confirmed that it is the only area of the human
brain where neurogenesis occurs throughout adult life [39].
Hippocampal neurogenesis has been extensively implicated
in mood disorders and in the mechanism of antidepressant
action [40, 41]. Therefore it appears that modulation of
neurogenesis by early-life immune activation might play a
role in the long lasting effects of the perinatal inflammatory
insult. However, the study of early-life inflammatory modu-
lation of adult hippocampal neurogenesis has only recently
attracted researchers’ attention.The next sectionwill describe
the emerging studies published to date which introduce this
new important field of neurogenesis research and suggest
directions for future investigation.

4. Perinatal Immune Activation and Adult
Hippocampal Neurogenesis

4.1. Methodological Considerations in the Study of the Effect
of Perinatal Immune Activation on Adult Hippocampal Neu-
rogenesis. Studies investigating the effect of early-life inflam-
mation on neurogenesis have employed similar models to
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activate the immune response as those dedicated to the
effects of inflammatory challenge on immune response or
behaviour in adulthood. LPS injection is a common way to
activate immune response, as LPS is recognised by toll-like
receptor 4 (TLR4) on antigen-presenting cells and effectively
models bacterial infection. In the case of prenatal exposure,
maternal antigen-presenting cells may interact with the
placenta, capable of producing its own cytokines, which then
enter foetal bloodstream [24]. A viral mimetic poly I : C also
has been used in some of the studies. Poly I : C stimulates
TLR3 receptor which recognises viral antigens. As it has
been shown that maternal influenza increases the risk of
schizophrenia in the offspring [4], poly I : C also appears
to be a valid model to study long-term effects of perinatal
inflammation.

Timing of the inflammatory exposure is another crucial
point in the study design, as some reports suggest that
different phases of pregnancy represent unique vulnerability
windows to environmental inputs [42]. Thus the rodent
prenatal period can be approximately correlated with human
pregnancy as gestation days 1–9 (GD 1–9) being represen-
tative of first trimester of human pregnancy, GD 10–19 as a
second trimester, and GD 19-20 to postnatal day (PND) 7
as corresponding to the third trimester of pregnancy [43].
It is important to note however that an exact comparison is
not possible as the course of rodent and human pregnancy
and brain development differ significantly; therefore some
discrepancies exist between research groups in the interpre-
tation of gestational timing.

The timing of the assessment of hippocampal neurogene-
sis is also an important factor to consider in the study design.
Thus neurogenesis assessed before PND 21, when offspring
is usually weaned from the mother, will represent the state
of juvenile development, the period between PND 21 and 50,
a period when rodents reach reproductive maturity [37], as
adolescence and early adulthood, while PND 60 onwards is
generally agreed to be representative of adulthood [44].

Studies also differ in which aspects of the neuroge-
nesis were assessed and the methodological approaches
used to characterise them. For example, cell proliferation
assay, usually assessed using bromodeoxyuridine (BrdU)
incorporation or KI67 immunohistochemistry, shows the
rate of proliferation of the neural progenitors within the
dentate gyrus. This is an important marker of the renewal
of the pool of neural progenitors, which is thought to be
crucial to maintain neurogenic capacity of the hippocampus
throughout life [45]. However, this assay does not provide
any information on the subsequent fate of the new cells. The
survival rate (usually measured by the proportion of BrdU+
neurons which have survived in the hippocampus for 28 days
after BrdU incorporation) shows whether proliferating cells
have survived for a period of time which is long enough to
acquire a mature phenotype. Studies vary in the timing of cell
survival assessed and therefore interstudy data comparisons
should be done with caution. A differentiation assay with
doublecortin (DCX) can show the amount of neuroblasts
present in the hippocampus. This parameter represents the
number of newly born neurons which have a potential to
be incorporated into hippocampal networks, an important

measure of the neuroplastic potential of the hippocam-
pus owing to neurogenesis. Finally neural progenitor fate
mapping shows the proportion of newly born cells which
became neurons or astrocytes. It provides an insight into the
neurogenic versus astrogenic balance of the differentiation
in the dentate gyrus, which is thought to change depending
on regulatory signals received by the hippocampus from the
peripheral environment.

In summary, it is important to be cautious when com-
paring studies using different methodological approaches in
the field of early-life effects on hippocampal neurogenesis, as
even small variations in methods used can produce substan-
tial differences between the models. However such variety
also allows us to study the topic from different developmental
and cellular points of view, which can ultimately provide a
more comprehensive understanding of observed effects.

4.2. The Effect of Perinatal Immune Activation on Adult Hip-
pocampal Neurogenesis: Research Conducted to Date. Studies
investigating the early-life immune modulation of adult
hippocampal neurogenesis available to date are summarised
in Table 1. One of the first studies in the field was done by
Meyer and colleagues [42]. In this study pregnant C57BL/6
mice were injected with poly I : C at GD 9 and GD 17
which, according to the authors, corresponded to the early-
to-mid and mid-to-late periods of pregnancy. Immunohis-
tochemistry using DCX marker showed a decrease in the
number of young neurons in the dentate gyrus of prenatally
exposed offspring at PND 24, which corresponds to the
early adolescent period. This effect was independent of
the timing of the prenatal treatment. However, behavioural
effects observed in adulthood of the offspring showed a
different picture. Behavioural tests done on the mice at the
age of 14–16 weeks demonstrated that mice exposed to the
maternal poly I : C response on GD 9 displayed increased
anxiety-like behaviour in the open field test, while mice
exposed to GD 17 expressed behaviours indicative of perse-
verations in the discrimination reversal learning task. These
data are of interest as they suggest that immune activation
at different stages of prenatal development can result in
differential outcomes for behavioural abnormalities in adult
life. It is interesting to speculate that behavioural differences
in adulthood could be accompanied by the differences in
neurogenesis which perhaps were not yet apparent in the
adolescent period. Even though the measured parameters of
neurogenesis in this study were limited, additional factors
assessed in the hippocampus of these mice provided an
insight into mechanisms which might cause the observed
reduction in the number of young neurons. Indeed, DCX
decrease was accompanied by the decrease in reelin, a protein
which is known to regulate neurogenesis [46]. This evidence
led the authors to suggest that the observed reduction could
be due to increased apoptosis of progenitor cells. However,
analysis of the apoptotic marker caspase-3 demonstrated
that increased caspase-3-dependant apoptosis only took place
in the hippocampi of GD 17 exposed animals, yet another
indication of the time-dependant variation in the response
to an immune challenge. The authors suggested that such
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variation was initially due to the differential foetal immune
response tomaternal inflammation. Specifically, they showed
that while poly I : C injections resulted in an increase in
cytokine levels in the brains of both GD 9 and GD 17 exposed
foetuses, only GD 17 group had an accompanying increase in
cytokine gene expression, suggesting that cytokine increase
was due to endogenous production by the foetal brain in this
group only.

A similar study design was later employed by Cui and
colleagues [47]. This group also explored the consequences
of maternal immune stimulation at different time points in
pregnancy; however in their experimental design hippocam-
pal neurogenesis was the primary focus of the study. More
specifically, pregnant rats were peripherally administered LPS
at a dose of 0.1mg/kg on GD 15/16 (midgestation according
to the study) or a dose of 0.05mg/kg on GD 18/19 (late
gestation). The dose difference was based on the increased
sensitivity and mortality of near-term pregnant rats to LPS
exposure. The results of BrdU incorporation assay showed
that, by the end of the early perinatal period (the time
between LPS injection and PND 14), the hippocampus of
the GD 18/19 exposed offspring contained less cells which
had undergone division, a decrease which might be due to
decreased proliferation and/or survival of dividing cells. A
similar trend was observed in the GD 15/16 group, but it
did not reach significance. Interestingly, this situation was
reversed when cell proliferation was assessed at PND 14:
midgestation exposed animals had a significant decrease
in hippocampal cell proliferation, while this trend did not
reach significance in the late pregnancy exposed group.
Furthermore, the number of cells which had undergone
proliferation was significantly decreased in both conditions
4 weeks after BrdU incorporation, with the effect being more
pronounced in the late gestation group. While this measure
incorporates the effect of both cell proliferation and survival
rates, this effect being stronger 4 weeks rather than 2 hours
after BrdU incorporation suggests that indeed changes in
cell survival rates might cause observed differences in the
number of BrdU positive cells. Cell proliferation and survival
in adult offspring (PND 60) were not affected; however the
authors argued that even the deficit in proliferation and
survival of neurons only in early development might have
long term consequences, as some of these neurons could
have been destined to survive and function for the lifetime
of the individual. Finally, there was no change in neuronal
differentiation in any of the described conditions.

These results were later challenged by another study
which used prenatal LPS administration in pregnant rats.
Graciarena and colleagues [44] employed a robust model
of LPS administration which involved a higher dose of LPS
(0.5mg/kg) and repeated injections every other day between
GD 14 and 20. Hippocampal neurogenesis was assessed
only in adult offspring at a single time point of PND 60.
Results showed that these animals had a consistent decrease
in progenitor cell proliferation and neuronal differentiation
into young and mature neurons arising from proliferating
progenitors but the survival of proliferating cells was not
affected. In addition, the authors also explored the role of
microglia in the observed effects. They found that, in adult

animals prenatally exposed to LPS, hippocampal microglia
morphologically resembled stages II-III of activation. Inter-
estingly the hippocampus was the only brain region where
microglia displayed features of nonphagocytic activation,
suggesting specific sensitivity of the hippocampus to LPS
effects. The authors also explored cytokine expression in
the hippocampus. At birth, prenatally exposed pups had
increased IL-1𝛽 in the hippocampus (but not IL-6), as
well as decreased anti-inflammatory cytokine transforming
growth factor beta-1 (TGF𝛽1). IL-1𝛽 levels were restored by
adulthood consistent with the morphological appearance of
microglia (nonphagocytic activation). However the levels of
TGF𝛽1 in the hippocampus remained reduced in adulthood
of the exposed animals, which is of particular interest as
TGF𝛽1 has been shown to possess proneurogenic properties
[48]. Also, overexpression of TGF𝛽1 in the adult DG restored
normal levels of neurogenesis in the LPS-exposed group,
suggesting a causal role of TGF𝛽1 in LPS-related decrease
in hippocampal neurogenesis. Furthermore the observed
effects had a behavioural correlate as LPS-exposed animals
displayed impaired recognition memory in the novel object
recognition test, while TGF𝛽1 overexpression improved their
performance in this memory task.

Moreover, in the follow-up study, the authors showed in
an in vitro system that TGF𝛽1 exerts its proneurogenic effect
through the canonical Smad 2/3 pathway [49]. This study
also highlighted a unique ability of prenatal LPS exposure
to cause long-term neurogenic changes. While adult LPS
exposure produced an acute reduction in cell proliferation
similar in magnitude to prenatal LPS effect, it failed to affect
cell differentiation in the long term as did prenatal exposure.
Consistent with the hypothesis of TGF𝛽1 involvement in
these effects, TGF𝛽1 levels were not affected by adult LPS
exposure [49].

The studies described above provide an initial insight
into the mechanisms underlying long-term changes in hip-
pocampal neurogenesis and some behavioural correlates
for these changes. However, in order to establish a rele-
vant hypothesis of immune developmental programming,
a more direct link with clinically-relevant psychopathology
is needed. Introducing such a link, a recent study by Lin
and colleagues [50] employed a similar prenatal exposure
to an LPS paradigm to look at a depression-like behaviour
in adulthood. In this study pregnant rats were injected with
LPS at a low dose of 0.066mg/kg on GD 10.5. As in the
studies described previously, the prenatally exposed adult
offspring displayed changes in hippocampal neurogenesis.
Neurogenic changes were assessed at two time points: during
the juvenile period at PND 21 and in adult rats (PND 90).The
changes included a reduction in cell proliferation at both time
points and a decreased number of DCX positive neuroblasts.
Consistent with previous studies, there was no difference
in the survival of proliferating cells or in the number of
proliferating cells becoming mature neurons. Furthermore,
the authors addressed whether these changes would pre-
dispose adult offspring to depression-like behaviour. The
results of behavioural testing showed that, in adulthood,
these rats more readily displayed learned helplessness in
the forced swim test, a pharmacologically established model
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of a depression-like behaviour. Importantly, the exposed
offspring showed a trend towards higher susceptibility to
anhedonia measured by the levels of sucrose consumption
in the course of the chronic mild stress paradigm, a widely
used model to induce depressive-like behaviour in rodents
by environmental stress. Strengthening the clinical link even
further, the authors also showed that observed behavioural
and neurogenic changes were rescued by a chronic admin-
istration of a common antidepressant fluoxetine. Thus pre-
natally exposed fluoxetine treated adult animals did not
show increased learned helplessness behaviour in the forced
swim test and their levels of cell proliferation and young
hippocampal neurons returned to control level. However it
is important to note that fluoxetine also increased neuro-
genesis in control animals, suggesting that fluoxetine might
not necessary rescue LPS-damaged pathways but might
be acting through an alternative mechanism. Nonetheless
authors also showed that fluoxetine reversed some cellular
abnormalities in the hippocampus which were suggested to
underlie the mechanism of neurogenic changes, specifically
brain derived neurotrophic factor (BDNF) expression in the
hippocampus and dendritic spine density of the dentate
granule neurons. These results suggest that hippocampal
neurogenesis is indeed involved in the ability of perinatal
immune activation to cause behavioural abnormalities in
adulthood and increase adulthood susceptibility to stress-
related psychiatric disorders such as depression.

It is important to note that all above-mentioned studies
used a model of prenatal exposure, limiting the interpre-
tation of the findings to prenatal conditions. However, a
recent study by Järlestedt et al. [51] extended the early-life
inflammatory exposuremodel to the postnatal period. In this
study C57BL/6 mice were injected with a relatively high dose
of 1mg/kg of LPS at PND 9. Measurement of hippocampal
neurogenesis found that while there was no acute effect
on hippocampal cell proliferation in these pups at PND
11, in the juvenile period (PND 41), these animals already
displayed a decrease in cell proliferation and in the number
of progenitors becoming mature neurons and astrocytes. In
adulthood (PND 60) these animals had a decreased number
of cells which had undergone proliferation since the LPS
injection (BrdU positive), ameasure which is affected by both
proliferation and survival of neural progenitors. Interestingly,
this study was the first to show regional differences in the
effect of LPS exposure, as the decrease in the number of
BrdU positive cells was specific for dorsal hippocampus.
These data are in line with the emerging evidence of the
distinct functions of neurogenesis in different regions of the
hippocampus [52].

Studies described so far, although different in many
aspects of study design, provide converging evidence of the
neurogenic consequences of perinatal immune activation.
A common trend emerging from the data suggests that
perinatally exposed adult animals tend to have a compro-
mised hippocampal neurogenesis with a decrease in cell
proliferation and neuronal differentiation being described
more often than changes in cell survival.

Interestingly, Jiang and colleagues recently published two
studies which can potentially provide an insight into what

precedes the decrease in hippocampal neurogenesis in adult
animals [53, 54]. Although they used a familiar model of
prenatal exposure of rats to inflammatory stimulus at GD 15,
their results should be compared with caution to the studies
described previously as an exposure to a bacterial suspension
of E. coliwas used to stimulate immune response.Thismodel,
although potentially more relevant for reproducing clinical
infection, is specific to the pathogen employed; therefore the
data obtained from these studies cannot be directly extended
to the effect of other environmental factors such as stress or
nutrition on the immune system.

In these studies the state of hippocampal neurogenesis
was evaluated during the first month of pup life at PND
3, 7, 14, and 28. Interestingly the authors showed that cell
proliferation was increased during the first two weeks of
life with a peak at PND 7 but returned to control levels by
PND 28. The authors also describe some evidence for the
increase in BDNF and its receptor expression and protein
levels which coincide with a proliferation increase, a finding
which supports the role of BDNF in the effect of immune
stimulation on neurogenesis suggested by Lin andWang [50].
Data from this study provide preliminary evidence that early-
life immune activation can initially lead to a compensatory
increase in hippocampal neurogenesis in early development
followed by a subsequent decrease in the levels of cell
proliferation and neuronal maturation in adulthood.

5. Conclusion

To summarise the findings described previously, perinatal
inflammatory stimulation has a potential to modulate hip-
pocampal neurogenesis in adult life.More specifically, animal
studies available to date show that exposure to immune
activation in the pre- or postnatal period reduces the rate
of cell proliferation and neuronal differentiation in the adult
hippocampus. Studies described in this review also suggest
some cellular mechanisms which can underlie this long-term
modulation, such as nonphagocytic microglial activation, a
decrease in anti-inflammatory cytokines, and neurotrophic
factors in the hippocampus. However further research is
needed to uncover comprehensive pathways in an effort to
develop interventions which could reverse such detrimental
modulation.

Importantly, an inflammatory stimulus in early-life can
result not only from infectious agents, but also from other
environmental factors, such as stress and nutrition.Therefore
the suggested hypothesis of developmental modulation of
adult hippocampal neurogenesis by early-life immune acti-
vation can represent a converging common pathway through
which various factors of early-life environment modulate
hippocampal function in adult life. Such a pathway is of
particular importance to psychiatric research as adult hip-
pocampal neurogenesis has been implicated in many psychi-
atric diseases which are known to be exacerbated by early-
life adverse events. Importantly, current research suggests
a number of life style aspects which positively influence
hippocampal neurogenesis, among them are exercises such
as running and dietary factors such as polyphenols and
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omega-3 unsaturated fatty acids [55, 56]. If the hypothesis
presented in this review is confirmed, this could suggest
a beneficial effect of the therapeutic interventions affecting
hippocampal neurogenesis for the promotion of mental
health in individuals who experienced early-life adversities.
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[12] L. Valliéres, I. L. Campbell, F. H. Gage, and P. E. Sawchenko,
“Reduced hippocampal neurogenesis in adult transgenic mice
with chronic astrocytic production of interleukin-6,” Journal of
Neuroscience, vol. 22, no. 2, pp. 486–492, 2002.

[13] M. D. Wu, A. M. Hein, M. J. Moravan, S. S. Shaftel, J. A.
Olschowka, and M. K. O’Banion, “Adult murine hippocampal
neurogenesis is inhibited by sustained IL-1𝛽 and not rescued by
voluntary running,” Brain, Behavior, and Immunity, vol. 26, no.
2, pp. 292–300, 2012.

[14] P. A. Zunszain, C. Anacker, A. Cattaneo et al., “Interleukin-1𝛽:
a new regulator of the kynurenine pathway affecting human
hippocampal neurogenesis,” Neuropsychopharmacology, vol. 37,
no. 4, pp. 939–949, 2012.

[15] K. Belarbi, C. Arellano, R. Ferguson, T. Jopson, and S. Rosi,
“Chronic neuroinflammation impacts the recruitment of adult-
born neurons into behaviorally relevant hippocampal net-
works,” Brain, Behavior, and Immunity, vol. 26, no. 1, pp. 18–23,
2012.

[16] R. A. Kohman and J. S. Rhodes, “Neurogenesis, inflammation
and behavior,” Brain, Behavior, and Immunity, vol. 27, pp. 22–
32, 2013.

[17] V. Verhasselt, “Oral tolerance in neonates: from basics to
potential prevention of allergic disease,” Mucosal Immunology,
vol. 3, no. 4, pp. 326–333, 2010.

[18] T. G. O’Connor, M. A.Winter, J. Hunn et al., “Prenatal maternal
anxiety predicts reduced adaptive immunity in infants,” Brain,
Behavior, and Immunity, vol. 32, pp. 21–28, 2013.

[19] N. M. Nielsen, A. V. Hansen, J. Simonsen, and A. Hviid,
“Prenatal stress and risk of infectious diseases in offspring,”The
American Journal of Epidemiology, vol. 173, no. 9, pp. 990–997,
2011.

[20] S. D. Bilbo, N. J. Newsum, D. B. Sprunger, L. R. Watkins,
J. W. Rudy, and S. F. Maier, “Differential effects of neonatal
handling on early life infection-induced alterations in cognition
in adulthood,” Brain, Behavior, and Immunity, vol. 21, no. 3, pp.
332–342, 2007.

[21] S. D. Bilbo, L. H. Levkoff, J. H. Mahoney, L. R. Watkins, J. W.
Rudy, and S. F. Maier, “Neonatal infection induces memory
impairments following an immune challenge in adulthood,”
Behavioral Neuroscience, vol. 119, no. 1, pp. 293–301, 2005.

[22] S. D. Bilbo, J. C. Biedenkapp, A. Der-Avakian, L. R. Watkins, J.
W. Rudy, and S. F. Maier, “Neonatal infection-induced memory
impairment after lipopolysaccharide in adulthood is prevented
via caspase-1 inhibition,” Journal of Neuroscience, vol. 25, no. 35,
pp. 8000–8009, 2005.

[23] L. Sominsky, A. K. Walker, L. K. Ong, R. J. Tynan, F. R. Walker,
and D. M. Hodgson, “Increased microglial activation in the



Neural Plasticity 9

rat brain following neonatal exposure to a bacterial mimetic,”
Behavioural Brain Research, vol. 226, no. 1, pp. 351–356, 2012.

[24] S. D. Bilbo and J. M. Schwarz, “The immune system and
developmental programming of brain and behavior,” Frontiers
in Neuroendocrinology, vol. 33, no. 3, pp. 267–286, 2012.

[25] R. A. Kohman, A. J. Tarr, N. L. Sparkman, T. M. H. Bogale, and
G.W. Boehm, “Neonatal endotoxin exposure impairs avoidance
learning and attenuates endotoxin-induced sickness behavior
and central IL-1𝛽 gene transcription in adulthood,” Behavioural
Brain Research, vol. 194, no. 1, pp. 25–31, 2008.

[26] S. Ellis, A. Mouihate, and Q. J. Pittman, “Early life immune
challenge alters innate immune responses to lipopolysaccha-
ride: implications for host defense as adults,”FASEB Journal, vol.
19, no. 11, pp. 1519–1521, 2005.

[27] L. Wei, A. Simen, S. Mane, and A. Kaffman, “Early life stress
inhibits expression of a novel innate immune pathway in the
developing hippocampus,” Neuropsychopharmacology, vol. 37,
no. 2, pp. 567–580, 2012.

[28] G. Hava, L. Vered, M. Yael, H. Mordechai, and H. Mahoud,
“Alterations in behavior in adult offspring mice following
maternal inflammation during pregnancy,” Developmental Psy-
chobiology, vol. 48, no. 2, pp. 162–168, 2006.

[29] A. K. Walker, T. Nakamura, R. J. Byrne et al., “Neonatal
lipopolysaccharide and adult stress exposure predisposes rats
to anxiety-like behaviour and blunted corticosterone responses:
implications for the double-hit hypothesis,” Psychoneuroen-
docrinology, vol. 34, no. 10, pp. 1515–1525, 2009.

[30] F. R. Walker, J. March, and D. M. Hodgson, “Endotoxin
exposure in early life alters the development of anxiety-like
behaviour in the Fischer 344 rat,” Behavioural Brain Research,
vol. 154, no. 1, pp. 63–69, 2004.

[31] N. Shanks, S. Larocque, andM. J. Meaney, “Neonatal endotoxin
exposure alters the development of the hypothalamic- pituitary-
adrenal axis: early illness and later responsivity to stress,”
Journal of Neuroscience, vol. 15, no. 1, pp. 376–384, 1995.

[32] F. R.Walker, B. Knott, andD.M.Hodgson, “Neonatal endotoxin
exposure modifies the acoustic startle response and circulating
levels of corticosterone in the adult rat but only following acute
stress,” Journal of Psychiatric Research, vol. 42, no. 13, pp. 1094–
1103, 2008.

[33] M. H. Doosti, A. Bakhtiari, P. Zare et al., “Impacts of early
intervention with fluoxetine following early neonatal immune
activation on depression-like behaviors and body weight in
mice,” Progress in Neuro-Psychopharmacology & Biological Psy-
chiatry, vol. 43, pp. 55–65, 2013.

[34] A. K. Walker, T. Nakamura, and D. M. Hodgson, “Neonatal
lipopolysaccharide exposure alters central cytokine responses
to stress in adulthood in Wistar rats,” Stress, vol. 13, no. 6, pp.
506–515, 2010.

[35] X.-Q. Wu, X.-F. Li, B. Ye et al., “Neonatal programming by
immunological challenge: effects on ovarian function in the
adult rat,” Reproduction, vol. 141, no. 2, pp. 241–248, 2011.

[36] X. F. Li, J. S. Kinsey-Jones, A. M. I. Knox et al., “Neonatal
lipopolysaccharide exposure exacerbates stress-induced sup-
pression of luteinizing hormone pulse frequency in adulthood,”
Endocrinology, vol. 148, no. 12, pp. 5984–5990, 2007.

[37] A. K. Walker, S. A. Hiles, L. Sominsky, E. A. McLaughlin, and
D.M.Hodgson, “Neonatal lipopolysaccharide exposure impairs
sexual development and reproductive success in theWistar rat,”
Brain, Behavior, and Immunity, vol. 25, no. 4, pp. 674–684, 2011.

[38] S. Giovanoli, H. Engler, A. Engler et al., “Stress in puberty
unmasks latent neuropathological consequences of prenatal

immune activation inmice,” Science, vol. 339, no. 6123, pp. 1095–
1099, 2013.

[39] K. L. Spalding, O. Bergmann, K. Alkass et al., “Dynamics of
hippocampal neurogenesis in adult humans,” Cell, vol. 153, no.
6, pp. 1219–1227, 2013.

[40] A. Tanti and C. Belzung, “Hippocampal neurogenesis: a
biomarker for depression or antidepressant effects? Method-
ological considerations and perspectives for future research,”
Cell and Tissue Research, vol. 354, no. 1, pp. 203–219, 2013.

[41] M. Boldrini, M. D. Underwood, R. Hen et al., “Antidepressants
increase neural progenitor cells in the human hippocampus,”
Neuropsychopharmacology, vol. 34, no. 11, pp. 2376–2389, 2009.

[42] U. Meyer, M. Nyffeler, A. Engler et al., “The time of prenatal
immune challenge determines the specificity of inflammation-
mediated brain and behavioral pathology,” Journal of Neuro-
science, vol. 26, no. 18, pp. 4752–4762, 2006.

[43] M. H. Kaufman, The Anatomical Basis of Mouse Development,
Academic Press, San Diego, Calif, USA, 1999.

[44] M. Graciarena, A. M. Depino, and F. J. Pitossi, “Prenatal
inflammation impairs adult neurogenesis and memory related
behavior through persistent hippocampal TGF𝛽1 downregula-
tion,” Brain, Behavior, and Immunity, vol. 24, no. 8, pp. 1301–
1309, 2010.

[45] T. J. Schwarz, B. Ebert, and D. C. Lie, “Stem cell maintenance
in the adult mammalian hippocampus: a matter of signal
integration?” Developmental Neurobiology, vol. 72, no. 7, pp.
1006–1015, 2012.

[46] C. M. Teixeira, M. M. Kron, N. Masachs et al., “Cell-
autonomous inactivation of the reelin pathway impairs adult
neurogenesis in the hippocampus,” Journal of Neuroscience, vol.
32, no. 35, pp. 12051–12065, 2012.

[47] K. Cui, H. Ashdown, G. N. Luheshi, and P. Boksa, “Effects of
prenatal immune activation on hippocampal neurogenesis in
the rat,” Schizophrenia Research, vol. 113, no. 2-3, pp. 288–297,
2009.

[48] G. Rodŕıguez-Mart́ınez and I. Velasco, “Activin and TGF-𝛽
effects on brain development and neural stem cells,” CNS &
Neurological Disorders—Drug Targets, vol. 11, no. 7, pp. 844–855,
2012.

[49] M. Graciarena, V. Roca, P. Mathieu, A. M. Depino, and F. J.
Pitossi, “Differential vulnerability of adult neurogenesis by adult
and prenatal inflammation: Role of TGF-𝛽1,” Brain, Behavior,
and Immunity, vol. 34, pp. 17–28, 2013.

[50] Y. L. Lin and S. Wang, “Prenatal lipopolysaccharide exposure
increases depression-like behaviors and reduces hippocampal
neurogenesis in adult rats,”Behavioural Brain Research, vol. 259,
pp. 24–34, 2014.
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The time of pregnancy, birth, and lactation, is characterized by numerous specific alterations in several systems of the maternal
body. Peripartum-associated changes in physiology and behavior, as well as their underlying molecular mechanisms, have been the
focus of research since decades, but are still far from being entirely understood. Also, there is growing evidence that pregnancy
and lactation are associated with a variety of alterations in neural plasticity, including adult neurogenesis, functional and structural
synaptic plasticity, and dendritic remodeling in different brain regions. All of the mentioned changes are not only believed to be a
prerequisite for the proper fetal and neonatal development, butmoreover to be crucial for the physiological andmental health of the
mother.The underlying mechanisms apparently need to be under tight control, since in cases of dysregulation, a certain percentage
of women develop disorders like preeclampsia or postpartum mood and anxiety disorders during the course of pregnancy and
lactation.This review describes common peripartum adaptations in physiology and behavior.Moreover, it concentrates on different
forms of peripartum-associated plasticity including changes in neurogenesis and their possible underlying molecular mechanisms.
Finally, consequences of malfunction in those systems are discussed.

1. Introduction

In all mammalian species the peripartum period is one of
the most plastic periods throughout a female’s life. During
pregnancy and lactation, numerous changes on the physio-
logical, cellular, andmolecular level occur, which particularly
distinguish a lactating mother from a nulliparous female and
which prepare the female for the challenges of motherhood.
Those dramatic changes in maternal physiology, plasticity
of the maternal brain, and maternal behavior will not only
help to ensure the survival of the offspring, but also act in
concert for physiological and mental health of the mother
[1–4]. However, the peripartum period represents also a
time of high risk for women to develop physiological and
mental disorders that are particularly associated with those
peripartum adaptations. Thus, 0.5–5% of pregnant women
will develop preeclampsia after 20 weeks of pregnancy [5, 6]
and about 18% will be diagnosed with gestational diabetes

between week 24 and 28 of pregnancy [7]. A varying high
percentage of womenwill also be affected by perinatal mental
disorders such as postpartum blues (30–75%) [8], the more
long-lasting postpartum depression (10–22%) [9, 10] and
postpartum anxiety (5–12%) [11, 12], or in even more serious
cases postpartumpsychosis (1-2%) [13]. Although some of the
physiological adaptations that occur throughout pregnancy
and lactation are well known, themechanisms underlying the
above-mentioned medical conditions are largely unexplored.
Also, comorbidities of mental and of somatic disorders
which might have originated during pregnancy are, in our
opinion, underestimated. Therefore, the following review
will describe the common adaptations that occur on the
physiological, molecular, and behavioral level during the
sensitive period around and after pregnancy and describe
regulatory mechanism and potential causes for peripartum-
associated disorders.
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2. Physiological and Molecular Adaptations
during the Peripartum Period

One of the first essential steps to ensure the proper develop-
ment and survival of the future offspring is placentation and
thereby the formation of the fetoplacental unit. Placentation
is a two-stage process of coordinated invasive vasculogenesis
(i.e., the formation of a branching network of vessels with
chorionic villi of fetal origin) and later angiogenesis (i.e.,
the modification of the existing vascular network) [14–
16]. The key event for a proper placental development and
for pregnancy to proceed normally is the invasion of the
decidual stroma of the maternal spiral arteries by the fetal
cytotrophoblast [17]. After invasion, the cytotrophoblast will
secrete angiogenic factors like vascular endothelial growth
factor (VEGF) and placental growth factor (PlGF) [18].
VEGF is generally expressed by all cells of the fenestrated
endothelium and stimulates the proliferation and survival
of endothelial progenitor cells (EPCs). Given the enhanced
needs in maternal blood supply during pregnancy, it is obvi-
ous that VEGF represents a crucial factor particularly during
that time by stimulating vasculogenesis and angiogenesis.
Inducing a generalized vasodilatation VEGF ensures the
integrity of the maternal endothelium but moreover plays an
important role in the proper placental development. In more
detail VEGF promotes vasculogenesis and transformation of
the maternal spiral arterioles from small caliber resistance
vessels to large caliber capacitance vessels. This remodeling
is essential for the adequate perfusion of the fetoplacental
unit and consequently the exchange of nutrients, oxygen,
and waste between the mother and the developing fetus (for
review see [19, 20]). Although the function of PlGF during
pregnancy is not fully understood yet, it seems to act to
amplify VEGF-induced processes described above [21].

Aside from placental factors regulating vasculogene-
sis, some cytokines have been shown to be essential for
pregnancy-associated events like trophoblast invasion and
vasculogenesis (for review see [22]). Indeed, pregnancy is
characterized by fundamental changes in maternal cytokine
levels, to enable the survival of the fetus, whichmay be viewed
as a semiallogenic graft [23]. Thus, pregnancy might be con-
sidered as a state of mild, controlled inflammation, however,
ensuring the maintenance of a delicate balance between anti-
inflammatory (i.e., Il-4 and IL-10) and proinflammatory (i.e.,
TNF𝛼, IL-1, IL-6 and IL-8) cytokines.

Aside from these changes that occur during early stages
of pregnancy, there are numerous adaptations at the level
of the mother’s brain towards the end of pregnancy and
into the period of lactation. Respectively, the response of the
hypothalamic-pituitary-adrenal (HPA) axis to a variety of
stressors has been shown to be severely attenuated inmothers
[24, 25].The reduced peakHPA axis activity is predominantly
the result of numerous central changes in excitatory and
inhibitory pathwaysmainlywithin the hypothalamus. Several
animal studies revealed that the pattern of excitatory inputs
to the hypothalamus is altered during pregnancy [26]. Hence,
a reduction in the noradrenergic tone within the nucleus
paraventricularis (PVN) and a reversed opioidergic system
contribute to inhibit the HPA axis activity around birth

[26–29] (and see [30–34] for review). Furthermore, CRH
mRNA expression in the PVN as well as CRH binding in
the adenohypophysis is markedly reduced during pregnancy
and lactation, leading to a diminished CRH production and
release by PVNneurons [28, 35–38]. In spite of the dampened
action of those excitatory systems, inhibitory systems like
the oxytocin (OXT) and prolactin (PRL) system are highly
activated during the peripartum period. Accordingly, OXT
and PRL mRNA expression, OXT-receptor (OXT-R) and
PRL-receptor (PRL-R) expression in the PVN and nucleus
supraopticus (SON) [39–42], and OXT release [43–45] are
increased during that time. In addition, the hypothalamic
oxytocinergic system undergoes fundamental structural and
functional reorganizationwith respect to dendritic branching
and synaptic plasticity (for details, see Section 3). Clearly,
peripartum-associated changes in the OXT and PRL system
are essential in mediating reproductive functions such as
the promotion of labour, lactogenesis, milk ejection, and
maternal behavior [46–49]. Furthermore, those changes are
a crucial feature to protect the late pregnant and lactating
mother from overresponding to stressors (see [1–3, 34, 50, 51]
for review).

Contrary to the discussed attenuated HPA axis response
to physiological and psychological stressors, several mam-
mals, including humans, rats, mice, and sheep, show an
increase in basal circulating glucocorticoid levels during
lactation [35, 52–54]. This lactation-associated hypercorti-
solism/hypercorticism might be due, at least in part, to an
increased expression of vasopressin (AVP) in the PVN of the
hypothalamus [37] and a simultaneous enhanced sensitivity
of the pituitary to this neuropeptide [28].

3. Structural, Functional, and
Molecular Plasticity of the Brain during
the Peripartum Period

During the peripartum period the maternal brain undergoes
multiple macroscopic, microscopic, cellular, and molecular
changes. It is not surprising that brain regions that are
particularly affected by peripartum-associated modifications
are mostly those that can be summarized as the “maternal
circuitry.” Some of these brain regions are crucial for the
onset, maintenance, and regulation of maternal behavior
(i.e., nest building, grooming, and protection of the young);
others control memory, learning, and responses to fear and
stress. One part of this “maternal circuitry” is the maternal
motivational system, which has been nicely described by
Numan in “motivational systems and the neural circuitry of
maternal behavior in the rat” [55]. Briefly, Numan describes
the hormonal-primed medial preoptic area (MPOA) with
the adjacent bed nucleus of the stria terminalis (BNST) as
central region to induce the onset of maternal behavior by
suppressing fear responses to pup odors on the one hand
and activating the nonspecific motivational system (i.e., the
mesolimbic dopamine system) on the other hand. Brain
regions involved in the avoidance of pups as seen in virgin
rats are the main and the accessory part of the olfactory bulb
(OB), the medial amygdaloid nucleus (MeA), the anterior
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hypothalamic nucleus (AHN), and the periaqueductal grey
(PAG). The nonspecific motivational system is composed by
the ventral tegmental area (VTA), the nucleus accumbens
(NAc), and the ventral pallidum (for review see [55]). Further
important brain regions that can be assigned to the “maternal
circuitry” include the hypothalamic nuclei, the PVN, and
SON, which are central for the regulation of anxiety and
stress and the maintenance of maternal behavior (see [1,
34, 56] for review). Neurons of the hypothalamus project
centrally to the limbic system, that is, the hippocampus,
which interconnects to regions of the frontal lobe, that is, the
medial prefrontal cortex (mPFC).Whereas the hippocampus
is crucially involved in learning and memory processes not
only in the context of pregnancy and lactation, the mPFC
seems to be central for the perception, appraisal, and the
regulation of peripartum-relevant stimuli and acts in concert
with the hippocampus to regulate cognition during the
peripartum period [57] ([58, 59] for review).

The following chapter concentrates on peripartum-
associated changes in neural-glial interactions, synaptic plas-
ticity, dendritic morphology, and adult neurogenesis in the
selected above-mentioned brain regions.

3.1. Peripartum-Associated Volume Changes of the Brain.
Clearly, one of the most easily observable changes that occur
during the peripartum period is a change in maternal brain
size, which has been shown both in humans [60] and rodents
[61]. In their clinical study, Oatridge et al. recruited a total
of nine healthy (control) mothers and five preeclamptic (PE)
women. By analyzing brain volume via T1-weighted MR
before pregnancy (controls), during pregnancy (controls),
shortly before delivery (PE), six (PE) and 52 weeks postpar-
tum (control and PE), they were able to show that brain size
was significantly reduced whereas the lateral ventricular size
was increased in both groups, respectively. This effect, which
startedwith placental implantation and reached itsmaximum
at term, has been shown to be even more pronounced in
mothers that suffered from preeclampsia during pregnancy
[60]. The observed peripartum changes in brain size seem
to be interspecific, as we recently showed that absolute and
relative brain weight are reduced on lactation day (LD) 14
in rats, reflecting the results in humans. In more detail, we
revealed that hippocampal volume is significantly smaller in
lactating compared to nulliparous females. Interestingly, the
mentioned lactation-associated effect on brain weight and
hippocampal volume was reversed, when rats were exposed
to chronic restraint stress between LD2 and LD13 [61].
Unfortunately, the physiological importance of the above-
mentioned findings in humans and rodents are not well
understood at present and the underlying mechanisms still
need to be elucidated.

Volume changes have not only been reported in the hip-
pocampus, but also in other brain regions with a significant
role during the peripartum period. Correspondingly, the
volume of the pituitary underlies pregnancy- and lactation-
associated changes. Although the pituitary enlarges during
the course of pregnancy, probably due to hyperplasia of PRL
cells [62], it decreases up to eight month after delivery in
humans [63–65] or, respectively, seven days after delivery

in rodents [66–68], when the number of PRL cells reaches
prepregnancy levels [69]. Similar effects have also been
observed in the MPOA and SON of pregnant/lactating
rats. Respectively, cell body size (referring to soma and
perikaryon) of MPOA neurons has been shown to be
increased in late pregnant rats when compared to ovariec-
tomized or diestrus rats. Interestingly, treatment with the
pregnancy-mimicking regimen of progesterone and estradiol
induced the same changes as seen during natural pregnancy.
Given this and the fact that the area of the soma returned
to prepregnancy levels with the onset of lactation [70] shows
the impact of pregnancy and its attendant hormonal exposure
on these changes, while during lactation the cues from pups
seem to primarily maintain maternal motivation. Likewise
to the pregnancy-associated changes in MPOA, the SON of
lactating rats increases in volume due to hypertrophy of OXT
somata and dendrites [71–73].

Morphological adaptations have furthermore been
observed in another hypothalamic structure, namely, the
PVN. The group around Cortés-Sol analyzed the inner cap-
illary diameter (ICD) of 800 capillaries from magnocellular
and parvocellular regions of the PVN in diestrus nulliparous
female rats or at 2 weeks of lactation. In this study they
were able to show that nulliparous rats presented mostly
capillaries with small ICD, whereas lactating rats exhibited
capillaries with larger ICD. Interestingly, the space occupied
by the neurovascular compartment, such as neurons,
astrocytes, and other glial cells, did not change with lactation
[74], suggesting that peripartum-associated changes in
angiogenesis do not exist at the level of the PVN, at least not in
lactation. However, alterations with long-term impact on the
neurovascular compartment might occur earlier during the
peripartum period. Respectively, human studies have shown
a significant increase in the number of circulating EPCs with
the progression of pregnancy [75], an effect that was absent
in women with preeclampsia [76, 77]. This is an important
finding, as the peripartum-associated changes in EPCs and
the microvasculature of the PVN might play an important
role in enhanced availability of the neurohypophyseal
hormones AVP and OXT during the peripartum period by
increasing their cytoplasmatic transport from the luminal to
the abdominal side of the membrane. Indeed, OXT plasma
concentrations have been shown to be diminished in women
with gestational hypertension [78]. As hormones like AVP
andOXThave been shown to be implicated inmechanisms of
cell volume regulation in rodents [79], it might be that PVN
OXT neurons modulate their own capillary blood supply
and vice versa. Given the fact that the OXT system in the
hypothalamus undergoes intriguingmorphological plasticity
during the peripartum period, which will be discussed in
one of the following paragraphs, such a mechanism seems to
be indeed very likely.

3.2. Peripartum-Associated Receptor Plasticity in Different
Relevant Brain Regions. During the peripartum period the
maternal brain undergoes marked changes in receptor
expression. Unsurprisingly, brain regions and neuronal sys-
tems that are affected the most by these alterations are those
known for their importance in different aspects of maternal
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behavior.With their ratmodel of high licking/grooming (LG)
and low LG rats, Meaney and coworkers have significantly
contributed to a better understanding of the correlation
between maternal care and receptor plasticity in different
neuronal systems. In a couple of elegant studies they did not
only reveal that an increase in estrogen-receptor 𝛼 (ER𝛼)
expression in the MPOA on LD6 was correlated with an
increased level of LG behavior in the high LG group, but
also that the maternal behavioral phenotype was epigeneti-
cally transmitted over generations by a cytosine methylation
process across the ER𝛼1b promoter [80, 81]. Interestingly,
the level of ER𝛼 expression seems to occur as a function
of reproductive experience as seen in mice, rats, and sheep
[82–84]. In more detail, ER𝛼 expression in the MPOA, but
also the MeA, the PVN, and SON has been shown to be
increased four days before parturition in multiparous ewes
[84], which might explain the increased estrogen respon-
siveness to induce maternal behavior in multiparous dams
[85]. The effect of parity on ER𝛼 expression seems to be
long-lasting, as an increase in the MPOA and MeA has been
observed in middle-aged cycling females several month after
pregnancy [82].

Similar to ER𝛼, OXT-R expression levels have been found
to be increased in several distinct “maternal” brain regions
like the MPOA, VMH, BNST, lateral septum (LS), central
amygdala (CeA), and the PVN of rodents (see [86] for
review). The observed alterations in OXT-R distribution pat-
tern reflect the crucial role of the OXT system to orchestrate
different aspects of maternal behavior, including maternal
care. Indeed, there is a close relationship between maternal
care and OXT-R mRNA expression levels in those brain
regions. Accordingly, dams characterized by a high maternal
responsiveness to pups (i.e., high LG) have significant higher
OXT-R levels in the MPOA, the CeA, the LS, and the BNST
compared to mothers that show low levels of LG behavior
[87]. Importantly, lowering OXT-R expression by repeated
exposure to restraint stress between pregnancy day (PD)15
and PD21 or inhibiting OXT-R action by administration of
anOXT-R antagonist on LD3 eliminated the described differ-
ences in maternal behavior [87, 88]. Similarly, hypothalamic
OXT-R expression has been shown to be essential for the
lactation-associated anxiolysis, as central application of an
OXT-R antagonist in the PVN increased anxiety in lactating
but not virgin or male rats [44]. Given the fact that both
OXT and PRL are key players during the peripartum period,
acting synergistically to regulate maternal care, anxiety, and
stress, it is not surprising PRL-R expression is comparably
altered during that time. An upregulation of PRL-R mRNA
has been shown in many brain regions known for their
importance in regulating maternal behavior like the MPOA,
the BNST, and VMH during different timepoints within the
peripartum period (i.e., PD12, 2 h postpartum, LD7-10) [89,
90]. Marked changes have been found in the PVN and the
SON of rats, where the proportion of OXT neurons express-
ing the long form of the PRL-R was significantly increased
during pregnancy and lactation [41], providing evidence that
PRL directly and specifically regulates the activity of OXT
neurons. Likewise to the above described studies regarding
the OXT system, lowering PRL-R activity by chronic

administration of PRL-R antisense oligonucleotide increased
anxiety-related behavior and inhibited the PRL-mediated
attenuated responsiveness of the HPA axis, thus explaining
the parallel stress-hyporesponsiveness during lactation [91,
92]. Aside from the regulatory role of receptor plasticity in
the stress-induced HPA axis activity, peripartum-associated
alterations in receptor expression also seem to be essential
in the dampened sensitivity of the adrenocortical negative
feedback during that time. Indeed, in vitro binding assays
using 3[H] dexamethasone as radioligand revealed a reduced
glucocorticoid receptor binding capacity in the hippocampus
of rats during the first two weeks of lactation [93].

Aside from the onset and display of maternal care, altered
anxiety, and stress responses during lactation, the expression
of maternal aggression is an important feature ensuring suf-
ficient protection and thus survival of the offspring. Studies
in rats revealed that peripartum-associated fluctuations of
the vasopressin receptor V1a (V1a-R) in brain regions of the
“maternal circuitry” are substantial for the timely and fine-
tuned expression of maternal aggression. Accordingly, the
level of V1a-R binding in the BNST, MPOA, LS, and CeA
has been shown to be positively correlated with the level of
aggressive behavior throughout pregnancy, parturition and
lactation [94]. Further proving the specific importance of the
peripartum-associated V1a-R upregulation in the control of
maternal aggression, bilateral infusion of a selective V1a-R
antagonist into the BNST (daily between LD1 and LD6)
significantly reduced maternal aggression, while it did not
affect the frequency of arched back nursing [95].

In summary, the multiplicity of studies revealing changes
in receptor expression of hormonal systems in specific
maternal brain regions highlights the importance of these
changes during the peripartum period. Together with other
peripartum-associated forms of plasticity as will be discussed
in the following sections, such changes in receptor expres-
sion act synergistically to positively influence the behavioral
repertoire, physiological and psychological wellbeing of the
mother, and thus survival of the offspring.

3.3. Peripartum-Associated Synaptic Plasticity of the OXT Sys-
tem in the Hypothalamus. Classically, synaptic plasticity such
as long-term potentiation or depression is defined as long-
lasting functional modification within preexisting synapses
[96]. However, synaptic transmission can also be signifi-
cantly altered by structural synaptic plasticity. During the
peripartum period, this form of synaptic plasticity occurs in
the hypothalamo-neurohypophysial SON and magnocellular
PVN,whenOXTneurons undergo an extensive neuronal and
glial remodeling [97]. Thus, it has been shown that under
conditions that stimulate OXT release, such as parturition
and lactation, there is an increase in the numerical density
of axosomatic and axodendritic synapses on OXT neurons in
the SON as seen in tissue of rats that have nursed their pups
for 11 days [98]. These changes, which occur rapidly within
24 h of stimulation [99] ([100] for review), are concomitant
with a glial retraction of OXT somata and dendrites leading
to a juxtaposition of a significant portion of the plasmalemma
[73, 101, 102]. The reduction in the astrocytic coverage of
postsynaptic elements is an essential prerequisite for the
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above mentioned formation of new synaptic contacts during
the peripartum period and alters neuronal function directly
via the modification of synaptic transmission and indirectly
by preparing neuronal surfaces for synaptic turnover. Once
stimulation is over, astrocytic processes will again cover the
OXT surfaces as seen under basal conditions in different
adult neuronal tissues (see [103] for review). Aside from the
peripartum-associated changes in the number of synapses,
there have also been rodent studies revealing an increase in
the number of shared synapses in OXT neurons [71, 97, 100,
102], further amplifying the synaptic input. As well as for
the above-mentioned changes in the number of spines, the
synaptic coupling of OXT neurons takes place rapidly within
two hours after stimulation [104]. Another important aspect
of synaptic plasticity in the hypothalamus that occurs with
the onset of lactation is a remodeling of afferent inputs that
control the activity of the OXT system. Although under basal
(i.e., nonlactating) conditions about 35% of synapses in the
SONareGABAergic [71], 22% are glutamatergic [71], and 10%
are noradrenergic [105], this distribution changes during the
stimulatory influence of lactation. Hence, analysis of brain
sections from lactating rats that had suckled litters for at
least 10 days revealed that there is an increase in axosomatic
and axodendritic GABAergic synaptic contacts, accounting
for about 50% of all SON synapses in lactating rats [71, 98].
The origin of the GABAergic input to the magnocellular
neurons arises from local interneurons [106, 107], as well as
from adjacent hypothalamic areas [108, 109]. Although, the
origin of the glutamatergic afferents is comparable with those
of GABA, morphological remodeling is less pronounced in
glutamatergic synapses with only a 3% increase compared to
basal conditions [71, 102]. Although, noradrenergic innerva-
tion ofOXT andAVPneurons is equal in nulliparous females,
there is a significant increase in noradrenergic innervations
of OXT neurons during lactation [105]. The fact that fine-
tuned morphological plasticity in the OXT system appears
fairly rapid and disappears once stimulation is over raises of
course the questions of its functional implications. It has been
speculated that the increased number of synaptic contacts
as well as an increase in both inhibitory and excitatory
inputs is an important mechanism for the unique pattern
of electrical activity that characterizes OXT neurons during
lactation, that is, their pulsatile firing ability, leading to the
bolus release of OXT (see [110, 111] for review). Furthermore,
increased inhibition by GABA might be needed to ensure
that activation of OXT neurons only occurs by lactation-
relevant stimuli, but not others. Indeed, this possibility seems
to be likely, as stress-induced stimulation of OXT neurons by
injection of hypertonic saline has been shown to be reduced
during the peripartum period [112].

3.4. Peripartum-Associated Neuronal Plasticity in the Hip-
pocampus and the SVZ/OB. Another important contribution
to maternal neuroplasticity is provided by the mechanism
of adult neurogenesis. Although the production of new
neurons throughout adulthood has been suggested in several
brain structures including the neocortex, piriform cortex,
amygdala, striatum, substantia nigra, dorsal vagal complex,
and the hypothalamus of mammals (see [113, 114] for review),

peripartum-associated changes have only been revealed in
the two main neurogenic regions, namely, the subventricular
zone (SVZ) of the lateral ventricles and the subgranular zone
(SGZ) of the hippocampal dentate gyrus (DG). The SVZ
gives rise to neuroblasts migrating a fairly long distance via
the rostral migratory stream (RMS) to the OB, where they
differentiate in one of the two main types of interneurons
in the OB, granule cells (GC), or periglomerular neurons.
Stem cells in the granule cell layer of the DG only migrate
a short distance after proliferation and differentiate to one
of the three main cell types in the hippocampus, neurons,
astrocytes, or oligodendrocytes.

To date, the functional implication of adult neurogenesis
during the peripartum period is not fully understood; how-
ever, given the fact that newly generated cells fully integrate
inmature preexisting circuits it is likely that they significantly
contribute to an enhanced plasticity and responsiveness
to specific stimuli in a new environment with changing
demands during this susceptible time. The following para-
graphwill discuss the state of the art of peripartum-associated
alterations in adult neurogenesis and their possible contri-
bution to maternal behavior and vice versa. The underlying
regulatory mechanisms will be highlighted in Section 5.

Numerous studies have been performed during the last
decade, increasing the understanding of the mechanisms
controlling adult neurogenesis and its functional implications
during pregnancy and lactation. Taking the broad consensus
of all these studies it appears that the peripartum-associated
changes in adult neurogenesis are not only dependent on
the neurogenic region looked at, but also are species- and
time-dependent. Hence, cell proliferation in the SVZ has
been shown to be increased on PD7 in mice, but not at
later time points during pregnancy (i.e., PD14 and PD21)
[115, 116], whereas in rats the complete opposite picture
occurred [117]. The observed differences might be explained
by methodological differences, that is, the number of BrdU
injections and the amount of BrdU injected [118]. However,
the species-dependent discrepancy might also be due to the
level of functional importance the olfactory system plays in
relation to maternal behavior in both species. The observed
increase in cell proliferation on PD7 might lead to the inte-
gration of a greater number of newly generated interneurons
at parturition, when the olfactory demands are high and
might thereby contribute to the onset of maternal behavior
inmice. Inhibition studies seem to be an applicable, insightful
tool to investigate the importance of SVZ/OB neuroplasticity
in relation to maternal behavior. However, as the methods
disrupting neurogenesis differ a lot with respect to their
specificity and thus to their extent in outcome, care must be
taken when interpreting their results. Accordingly, it is not
surprising that partially controversial results that are achieved
are dependent on the approach used. By genetically ablating
newly born neurons in the forebrain of mice Sakamoto et
al. were able to show that new mothers showed abnormal
maternal behavior and significant impairments in retrieval
behavior, leading to the death of pups within 24–72 h after
delivery [119]. Similar results were achieved by the group
of Larsen who used the antimitotic drug bromocriptine to
inhibit SVZmitogenesis in PD7mice, consequently reducing
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the number of neurons in the OB on LD2. Although, retrieval
behavior in the home-cage was unaffected, pup retrieval was
severely impaired when the mothers were tested in a novel
environment [116]. It has to be kept in mind though that
both genetically targeted ablation and the use of antimitotic
drugs lack specificity of targeting neurogenic regions. Thus,
it is not precluded that the observed changes in behavior
seen in those studies are due to disruption of processes in
other neurogenic regions like the hippocampus. Contrary
to the above-mentioned results, a study using focal gamma
irradiation which specifically disrupts neurogenesis in the
SVZ/OB circuitry did not result in an impairment ofmaternal
behavior [120]. Given the fact that adult-born neurons are
fully responsive to odor stimuli at two weeks of age [121] and
the fact that olfaction plays a key role in the establishment
of maternal behavior, learning and bonding in mammals
(including mice, rats, sheep, goats, and humans) [122] (and
see [123, 124] for review) suggests that the integration of
adult-generated neurons in the preexisting olfactory circuitry
might be rather required for odor learning and distinguishing
than for maternal behavior itself. However, given the varying
effects observed, further studies are highly desired to finally
elucidate the contribution of peripartum-associated changes
in SVZ/OB neurogenesis with relation to maternal behavior.

Although, the importance of pregnancy-stimulated neu-
rogenesis in the SVZ with respect to lactation has been
beautifully demonstrated by the studies of Shingo et al. [115],
there is no proof so far that lactation itself would affect adult
neurogenesis in the olfactory system in rodents. However, it
seems that pup presence/maternal behavior has the potential
to induce lactation-associated changes in SVZ neurogenesis
in sheep and rodents. Respectively, a stimulatory effect of
interactionwith the young has been observed in sheep during
the early postpartum period [125]. Comparable observations
were made by Furuta and Bridges in their experiments
in rodents, when they exposed nulliparous female mice
daily to foster pups in order to induce maternal behavior.
When they compared maternal nulliparous females with
those in which daily fostering was not efficient to induce
maternal behavior, they found an increase in the number
of BrdU+/NeuN+ double-labeled neurons in the SVZ of the
former group [126]. Interestingly, comparing studies analyz-
ing olfactory and/or hippocampal neurogenesis suggests that
parturition and interaction with the young affects both cell
proliferation and cell survival in a different manner across
the neurogenic zones. Thus, contrary to the documented
results regarding adult neurogenesis in the OB, there is little
or conflicting evidence that pregnancy is associated with
changes in hippocampal neurogenesis. Although BrdU+ cells
and BrdU+/DCX+ cells have been shown to be reduced in
mice on PD14 [127] and differentiation and migration of
adult generated neurons have been shown to be increased
in a rat model of hormone-simulated pregnancy [128], no
changes in cell proliferation have been reported in mice and
rats during early [115, 117, 129] or other late stages [117, 129]
of gestation. However, there is a significant change in hip-
pocampal neurogenesis during the postpartum period. In all
species studied so far, cell proliferation is severely diminished
during early and midlactation, an effect that is restored by

the time of weaning [61, 125, 130–132]. Similarly, one-week
survival of newly born cells has been shown to be decreased,
whereas two-week survival was unchanged in lactating rats
[131]. Whether cell survival is altered at parturition or the
first days postpartum, as seen in the OB is not known
so far. In summary it seems that maternal experience, but
particularly the presence of pups, has a suppressive, albeit
temporary effect on hippocampal neurogenesis, as nicely
revealed in lactating female rats. Respectively, removal of
pups immediately after birth, thus preventing nursing and the
associated rise in CORT levels, restored cell proliferation in
dams to the level of nulliparous females [131]. Interestingly,
the observed effect may not be based on nursing alone, as
similar results have been observed in male California mice,
a species known to show biparental care. In more detail,
Glasper et al. showed that hippocampal neurogenesis was
reduced at the time of weaning in parenting fathers when
compared to nonparenting fathers [133]. However, the effect
of parenting on hippocampal neurogenesis in males seems
to be highly species dependent as other studies in prairie
voles and inbred C57BL mice showed a stimulatory effect of
parenting on neuron production [134, 135]. Given the fact
that environmental enrichment is typically believed to have
beneficial effects on neuroplasticity (for review see [136]) and
the fact that maternal/paternal experience implicates such
enrichment, the results regarding a reduction in hippocam-
pal neurogenesis at the first glance seem to be surprising.
However, aside from pup presence the main stimulus for
the observed changes are the actual physiological conditions
associated with the peripartum period, as nulliparous rats
that were exposed to pups actually showed an increase in
cell proliferation [132]. The detailed molecular mechanism
underlying peripartum-associated alteration in SVZ/OB and
hippocampal neurogenesis will be the subject of Section 5
andwewould kindly refer the reader to the respective section.
To date the exact functional contributions of maternal
experience-induced changes in hippocampal structure are
largely unknown; however, the fact that being a mother can
remodel neuronal systems in such extent indicates that they
play an important role during this sensitive time frame and
might be fundamental for the maternal physiological and
mental health (see also Figure 1 for graphical presentation of
peripartum-associated changes in hippocampal neurogene-
sis.)

3.5. Peripartum-Associated Changes in Dendritic Morphology
and Spines in Different Relevant Brain Regions. The effects
of parenting on neuronal plasticity are not only limited to
alterations in cell proliferation and survival, as discussed
above, but also extend to complex morphological changes,
including alterations in the number and density of spines, as
well as dendritic architecture.

Over the last decades, several studies in rodents revealed
peripartum-associated alterations in different relevant brain
regions like the hippocampus, the OB, the mPFC, and the
MPOA, as well as the PVN and the SON of the hypotha-
lamus. Thus, pregnancy has been associated with a reduced
complexity of CA3 pyramidal neurons of the hippocampus
as seen in rats [129]. Although CA1 pyramidal neurons do
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Figure 1: Graphical presentation of hippocampal morphology in the hippocampal subregions dentate gyrus (DG), CA1, and CA3 in (a)
nulliparous, (b) pregnant, and (c) lactating females; I: cell proliferation/survival, II: dendritic length and complexity of pyramidal neurons,
and III: spine density on pyramidal neurons.

not show these pregnancy-dependent changes [129], they
are altered during lactation as after weaning. Respectively,
primiparous rats exhibit a reduction in dendritic length and
fewer dendritic branch points on pyramidal CA1 and CA3
neurons, when compared with nulliparous or multiparous
females [137]. The underlying mechanisms for the observed
shrinkage are not well understood; however, it might be
due to the lactation-associated hypercorticism, as studies
in male rats revealed dendritic atrophy in hippocampal
pyramidal cells after chronic stress-induced elevation of
glucocorticoids [138]. Interestingly, not only the dendritic
architecture seems to be modulated by motherhood, but
typical neurogenic regions, like the hippocampus and the
OB, also undergo remodeling of dendritic spines. Kopel et al.
performed numerous elegant studies in mice revealing that
dendritic spines of adult born granule cells (abGCs) underlie
changes during lactation that might contribute to olfactory
encoding during that time and thereby have a direct impact
on mother-pup interactions. By injecting a lentivirus that
encoded synaptophysinwhichwas fused toGFP into the stem
cell niche of the SVZ, they were not only able to show that
abGCs of lactating females show an increase in the density of
presynapses, but also that their spine stability and integration
into the bulbar network are increased during motherhood
[139]. Similar changes seem to occur in the hippocampus,
where an increase in spine density on apical dendrites of CA1
pyramidal neurons and DG granule cells has been observed
in late pregnant and postpartum rats [131, 140]. While the
increased spine density during pregnancy seems to be medi-
ated by estrogen as suggested by studies in nulliparous rats
that showed comparable changes after a hormone-stimulated
pregnancy [141], such a regulation is unlikely during lactation
as estrogen levels drop after parturition.Thus, it might be that
pregnancy-generated spines either maintain throughout lac-
tation or that environmental enrichment in form of maternal
experience is beneficial for dendritic spine growth as seen
before in humans [142] (and see [136] for review). Given
the fact that dendritic arborization of these CA1 neurons has
been shown to be diminished during lactation as mentioned
before, the observed increase in dendritic spines might be
seen as compensatory mechanism to increase the efficacy
of synaptic inputs despite the reduced dendritic length and

number of branching points in those dams. Definitely, the
increase in spine density is only transient during lactation
and dependent on the presence of pups, as there is a
decline in primiparous rats after weaning [137]. However,
the persistence of dendritic spines might also depend on the
reproductive experience, as multiparous females have been
shown to havemore dendritic spines after weaning compared
to primiparous mothers [137, 143]. Given the fact that the
CA1 region of the hippocampus is connected with the mPFC,
the before mentioned peripartum-associated alterations in
hippocampal spine density may also implicate changes in
the forebrain. Indeed, dendritic architecture of the mPFC
cortex undergoes an intense remodeling during lactation. By
analyzing layers 2 and 3 pyramidal neurons of late lactating
rats (LD20-24) Leuner and Gould were able to show that
dendritic length and branching, as well as the number of
spines on apical and basal dendrites, were increased, which
directly coincided with an improved behavioral flexibility
as assessed by an attentional set shifting task [57], a task
which has been previously shown to depend on the PFC
[144]. The onset of such dendritic changes in the mPFC
seem to occur even earlier during lactation, as we made
similar observations when we compared 3D reconstructions
of neurons in the infralimbic mPFC of early lactating (LD3-
5) and nulliparous rats (own unpublished results). These
results are astonishing, given that the adverse hormonal
environment during lactation and high glucocorticoid levels
have been associatedwith a diminished dendritic architecture
and spine density in the mPFC of nulliparous rats [145, 146].
However, the effect of altered glucocorticoid levels during
lactation might be highly region-specific as an increase in
mushroom spines on apical and basal dendrites has been
reported in lactating rats that have been chronically treated
with high doses of CORT (40mg/kg/day) between LD2
and LD23 [147]. Either way, it seems that the postpartum
period or the associated increase in neuronal activity by the
stimulatory effect of pup-contact [148, 149] is able to buffer
against the adverse basal hypercorticosterone environment
and promotes dendritic growth in the mPFC. One hormone
that might play a key role in this respect is OXT, which
is known to be released during mother-infant contact in
humans and rodents (for review see [150]) leading to an
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activation of the prelimbic prefrontal cortex [148]. We have
previously shown that chronic stress during pregnancy in rats
impairs the peripartum-associated increase in OXT activity
in the PVN [151]. Given the fact that a reduction in the mean
apical dendritic length in the mPFC has been associated with
increased levels of anxiety in male rats [152] and chronic
stress has been shown to increase anxiety during lactation
[151], it would be interesting to see if dendritic morphology
is a prerequisite of the peripartum-observed anxiolysis and if
OXT might play a role in dendritic remodeling of the mPFC
during that time.

As already discussed in one of the previous sections, the
OXT system of the hypothalamus undergoes tremendous
peripartum-associated changes with respect to synaptic plas-
ticity. Aside from those changes in synaptic transmission,
neuronal-glial remodeling, and rearrangement of synaptic
inputs, morphologic changes of OXT neurons have been
reported in lactating rodents. Dendritic trees of the mag-
nocellular neurons of the SON undergo cytoarchitectonic
reorganization during lactation that are very much evocative
of those reported in the hippocampus as described before and
can effectively contribute to lactation-induced neuronal plas-
ticity by altering the electrical and integrative properties of
OXTneurons during that time. In a number of elegant studies
in rats Stern and Armstrong revealed that the dendritic trees
of OXT neurons in the SON shrink during lactation. The
reduction in total dendritic length was accompanied by a
loss of dendritic branching on middle order branches (100–
200𝜇m from soma) of these neurons [153]. Given the broad
consensus that an increased dendritic arborization and length
usually leads to beneficial outcomes in behavior (i.e., reduced
anxiety and increased cognitive performance) [57, 152], these
results might initially be surprising; however, the observed
changes might contribute to the specific properties of the
OXT systemduring lactation.Hence, a diminished branching
would increase the postsynaptic space and thereby alter the
electrical properties and the efficacy of synaptic inputs, which
reach the soma to determine the output of the neuron [154].
This in fact might allow the high-frequency bursting activity
pattern typically seen in OXT neurons during lactation lead-
ing to the milk ejection reflex [155]. Moreover, the dendritic
shrinkage might involve a loss in synaptic contacts, leading
to neurons that will deal with fewer, but more specific inputs
in a more specific way. Indeed, the response of OXT neurons
to nonspecific/not pup-related stimuli has been shown to be
reduced during lactation [156, 157].

We would also like to refer the reader to Table 1 that
summarizes the findings discussed in this section.

4. Behavioral Adaptations during the
Peripartum Period

During the peripartumperiod there is awhole set of cognitive
and behavioral changes. Clearly, the display of maternal
behavior, which also includes the expression of maternal
aggression, is one key behavioral change that occurs during
the peripartum period. As most mammalian species are not
spontaneously maternal, the elevated availability of “mater-
nal” neuropeptides like OXT [3, 158], PRL [91, 159], as well

as AVP [95, 160] and their respective receptors [39, 42, 90,
94, 161], is a prerequisite for the onset and maintenance of
the complex repertoire of maternal behaviors. Peripartum-
associated alterations in those brain factor systems not only
are of vital importance for maternal behavior, but also
they act in concert to decrease anxiety during lactation
[37, 44, 91, 116], as revealed by inhibition studies in rats
[44, 91, 116, 162] (and see [1] for review). The peripartum-
associated anxiolysis, which can also be observed as increased
calmness in breast-feeding mothers [25], is known to be
accompanied by a coherent increase in aggression during
lactation [163–165]. In this context, the CRH system, whose
activity is decreased during lactation as discussed before,
has been shown to be of relevance. Indeed, increasing CRH
availability results in lower levels of maternal aggression
in rodents [166, 167]. Thus, it appears that the reduced
activity of the CRH system not only is involved in the stress-
hyporesponsiveness during lactation, but also is an important
regulator of maternal aggression and anxiety. It is likely that
the peripartum-associated changes in anxiety and aggression
not only are essential to ensure protection and survival of the
offspring [168, 169], but are also fundamental for maternal
mental health.

Aside from the above-mentioned changes in maternal
behavior, that is, maternal anxiety and maternal aggression,
the peripartum period is a time of alterations in cognitive
abilities, particularly those that are associated with spatial
learning, memory, and navigation as revealed in several
animal and human studies using different tests to assess
cognitive performance. The outcome, that is, an increase or
decrement in cognitive abilities, seems to strongly depend
on a variety of factors like species, parity, fetal sex, time
of assessment, and test used (see [170, 171] for review).
Studies in rodents indicate that early and midpregnancy are
generally associated with an increase in spatial working and
reference memory in a couple of hippocampus-dependent
tasks. Respectively, spatial memory is increased in dams as
revealed by the Morris-Water-Maze [172–174] or Object-
Placement-Task [175, 176]. The observed improvements in
cognitive ability seem to occur between PD7 and PD10, as
pregnant rats have been shown to outperform nulliparous
rats in the Morris-Water-Maze within this timeframe.
However, the initial procognitive effects of early pregnancy
are not continuous as they are followed by a decrement
in cognitive abilities in late pregnancy into early lactation,
a time when the mother’s brain is usually referred to as
the “pregnant brain.” Accordingly, human mothers show a
significant decrease in working memory, verbal memory,
word recall, visual memory, spatial memory, explicit and
implicit memory, and attentional processes [177–182] and
even self-rate them to have a poorermemory compared to the
prepregnancy state [183]. The results from clinical research
are in line with those from rodent studies, revealing a
reduced performance in the Morris-Water-Maze on LD1 and
LD4 [130]. Interestingly, deficits in memory are dependent
on fetal sex, as human mothers being pregnant with a male
fetus outperformed those pregnant with a female fetus in a
working memory and spatial ability task [182]. Furthermore,
an evolutionary component is likely to drive the observed
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Table 1: Examples of different forms of peripartum-associated neural plasticity in different relevant brain regions of mammals.

Brain region Alteration Time of occurrence Species Reference

Whole brain ↓Brain size Pregnancy/Lactation Human [60]
↓Brain weight Lactation Rat [61]

Lateral ventricle ↓Volume Pregnancy/Lactation Human [60]

Pituitary ↑Size Pregnancy Human [62]
↓Size Lactation Human, Rat [63–68]

Hypothalamus

SON

↑Volume Lactation Rat [71–73]
↑Axosomatic and axodendritic synapses on OXT neurons Lactation Rat [98]
↑Number of shared synapses on OXT neurons Lactation Rat [71, 97, 100, 102]
Altered excitatory and inhibitory input to OXT neurons Lactation Rat [71, 98, 102, 105]
↓Dendritic length and branching of OXT neurons Lactation Rat [153]

PVN Glial retraction of OXT neurons and dendrites Lactation Rat [73, 101, 102]
↑ICD Lactation Rat [74]

Hippocampus

↓Volume Lactation Rat [61]
↓Cell proliferation Lactation Rat, Sheep [61, 125, 130–132]
↓Cell survival Lactation Rat [131]
↓Dendritic length and complexity of CA1/CA3 pyramidal neurons Pregnancy/Lactation Rat [129, 137]
↑Spines density on CA1 pyramidal neurons Pregnancy/Lactation Rat [131, 140]

SVZ/OB

↑Cell proliferation SVZ Pregnancy Mouse [115, 116]
↑Number of interneurons OB Lactation Mouse [115]
↓Cell proliferation SVZ Pregnancy/Lactation Rat, Sheep [117, 125]
↑Density of presynapses and spine stability Lactation Mouse [139]

mPFC ↑Dendritic length and spine density Lactation Rat [57]
ICD: inner capillary diameter;mPFC:medial prefrontal cortex; OB: olfactory bulb; OXT: oxytocin; PVN: nucleus paraventricularis; SON: nucleus supraopticus;
SVZ: subventricular zone.

changes in cognition, at least in part. Thus, while visual
memory is diminished in human mothers, recognition
memory is unaffected [184, 185], indicating that the latter
might be ethologically more important and therefore be
maintained. After all, also the changes in late pregnancy
and early lactation are only transient and give the way to
cognitive improvements being effective throughout the late
postpartum period and weaning and long into the process
of aging even under conditions of stress. Respectively, late
lactation has been associated with an increase in spatial
working memory in a Land-Maze-Task [186], the Morris-
Water-Maze [187], and Radial-Arm-Maze [188, 189], as
well as memory in an Object-Placement-Task in rodents
[190]. In contrast to those tasks requiring spatial memory,
tests assessing nonspatial memory did not reveal changes
during the postpartum period in rodents [187], suggesting
that the peripartum-associated changes in cognition play a
predominant role in effective and efficient foraging, which is
highly dependent on the spatial ability of the mother. Similar
to the findings in rodents, human studies found verbal,
semantic, and working memory, as well as attention, to be
improved even two years after delivery [191]. Interestingly,
maternal experience seems to have a long-term protective
effect on learning, even under conditions of stress as revealed
by studies in rats by Maeng and Shors [192]. They showed
that exposure to an acute stressor suppressed learning in a
classical eyeblink conditioning in virgins, but not in females

that had been mothers five to nine month before the testing
[192]. The peripartum-associated improvement in cognitive
function seems to require structural reorganization of
different brain regions like the hippocampus or the mPFC.
Indeed, postpartum rats (LD20–LD24) showed an improved
performance in an attentional set shifting task that was
coincident with an increase in dendritic spines on pyramidal
neurons of the mPFC [57]. Thementioned improvement was
selective to extradimensional set shifting, which is known
to require the mPFC, but not discrimination learning,
intradimensional set shifting, or reversal learning [57].
Similarly, the observed increase in hippocampal-dependent
learning during motherhood [188, 189] might depend
on dendritic remodeling in CA1 and CA3 regions of the
hippocampus [137]. Given the well-known link between
spatial learning/memory and hippocampal neurogenesis
[193, 194] and the fact that hippocampal neurogenesis is
altered during the peripartum period as described before,
it might be hypothesized that the observed alterations in
cognition might be based on this relationship. Assessing
hippocampal neurogenesis, spatial reference, and working
memory in nulli-, primi-, and multiparous rats, Pawluski
et al. nicely revealed that parity is an essential factor
affecting both parameters. Nevertheless, it seems that
neurogenesis might only play a minor role in peripartum-
associated changes in cognition, since cell survival
is diminished in primiparous rats across the postpartum
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period, while such animals outperform nulliparous control
animals in cognition [132, 188, 189]. Other evidence from
rodent and human studies suggests that parity might be an
important factor influencing cognitive ability in age, although
the outcome is controversial. In rodents, multiparity has
been linked to better performance in several cognitive tasks
when tested between six and 24 month of age that is long
past their reproductive experience. Respectively, multiparous
rats outperformed nulliparous and/or primiparous rats in
a spatial memory task, object recognition/placement, and
spatial memory task [195, 196]. Importantly, multiparity
and spatial learning/memory performance in the Morris-
Water-Maze was negatively correlated with the level of
immunoreactive amyloid precursor protein (APP), a marker
of neurodegeneration and cognitive loss [195]. These results
are in contrast to studies in humans indicating that the
number of lifetime pregnancies is positively correlated with
the risk to develop early onset Alzheimer’s disease [197].

5. Molecular Processes That Underlie
the Observed Peripartum Changes and
Consequences of Malfunction

As illustrated throughout this review, there are numerous
essential alterations in physiology, behavior, and neuroplas-
ticity during pregnancy and lactation. Although, some of
their underlying mechanisms have already been addressed
in the respective section, in this chapter we would like to
highlight some molecular mechanisms in more detail that
significantly contribute to the peripartum-observed changes.
Moreover, we will outline the consequences of malfunction
in such systems for the pregnant or lactating mother.

As discussed before, there are some striking adaptations
of the hypothalamic OXT system during the peripartum
period. Given the extent of those changes and the impor-
tance of the OXT system during that susceptible time, the
question of their underlyingmolecular mechanisms is raised.
One molecule that has been shown to be a key player
in the peripartum-observed hypothalamo-neurohypophysial
structural synaptic plasticity is PSA-NCAM. This neural cell
adhesion molecule is abundantly expressed on astrocytic
surfaces of rodent glial cells in the SON during the peripar-
tum period [198, 199] and is an important regulator of cell
adhesion and contact-dependent cell surface interactions (for
review see [200, 201]). Indeed, PSA-NCAM is an essential
prerequisite for the structural synaptic changes in themagno-
cellular nuclei of the hypothalamus, as revealed by enzymatic
perturbation experiments. Thus, if endoneuraminidase was
microinjected in the hypothalamic magnocellular nuclei in
vivo and thereby enzymatically removing PSA from NCAM,
neuronal, glial, and synaptic remodeling typically associated
with lactation was inhibited [198]. Interestingly, OXT itself
seems to stimulate the PSA-NCAM regulation of its own
synaptic plasticity during the peripartum period, as ICV
administration of OXT induces changes similar to those seen
under physiological stimulation, that is, lactation, when OXT
levels are high [202, 203]. Hence, OXT which is dendritically
released during parturition and lactation [43] may play a

major role to induce synaptic plasticity in the hypothalamus
during the peripartum period.

Although PSA-NCAM has some regulatory influence on
SVZ/OB neurogenesis by stimulating tangential migration
from the SVZ to the OB in rats and mice [204, 205], the
main regulatory factors for neuroplasticity in those regions
are others. Shingo et al. were the first to elucidate that the
endocrine state of an animal can actually influence the rate
of neurogenesis. In more detail they were able to show that
the rise in central PRL levels during pregnancy is the main
driving factor for the increase in SVZ proliferation on PD7
and consequently the increased number of OB neurons two
to four weeks later [115]. Indeed, lowering serum PRL levels
by administration of bromocriptine during pregnancy led
to a decrease in cell proliferation and cell survival in the
SVZ/OB [115]. Moreover, they revealed that the action of
PRL is mediated via PRL-R in the SVZ, as mice express-
ing the heterozygous form of the PRL-R (PRL+/−) showed
lower levels of cell proliferation on PD7 when compared
with mice expressing the homozygous form of the receptor
(PRL+/+) [115]. Interestingly, hippocampal neurogenesis was
unaffected by bromocriptine treatment [116], suggesting that
maternal experience can have opposite effects on the same
form of structural plasticity in two different brain regions
via different distinct regulatory mechanisms. Although the
factors regulating hippocampal neurogenesis during the peri-
partum period are still barley known, several studies signif-
icantly contribute to a better understanding of peripartum-
associated changes in this neurogenic process. Thus, Rolls et
al. nicely shed some light on one possible mechanism under-
lying the reduced hippocampal cell proliferation that they
observed between PD11 and PD12 in mice [127]. Given the
fact that the immune system has been shown to be an impor-
tant regulator of neural plasticity and consequently learning
and memory outside the context of reproduction with the
general consensus that an increase in circulating cytokines
has detrimental effects on neurogenesis, long-term potenti-
ation, and remodeling of neural circuits, as well as learning
and memory (see [206] for review), they hypothesized that
their observations were due to the increase in cytokine levels
during pregnancy as described above. Indeed, pregnant nude
mice lacking the entire T-cell population did only show
a modest decrease in cell proliferation. However, if those
mice were reconstituted with T-cells the pregnancy-induced
decrease in hippocampal neurogenesis was restored [127].
Importantly, the altered cytokine levels during pregnancy
seem to have wide-ranging consequences on hippocampal
integrity. Cipolla et al. have nicely shown that treatment of
hippocampal slices with serum from pregnant rats for 48 h
caused morphological changes in microglia characteristics of
activation and neuroinflammation of hippocampal neurons
[207].These are interesting findings, especiallywith respect to
the fact that preeclampsia is a state of immune system hyper-
activity (for review see [208]) and human studies showing
severe impairments in memory function after preeclampsia
[209]. Although there are no animal models of preeclampsia
assessing hippocampal neurogenesis or microglia to date, it
would be interesting to see if memory impairments after
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preeclamptic pregnancies are due to cytokine-induced alter-
ations in hippocampal neurons.

The mechanism of the lactation-associated decrease in
hippocampal cell proliferation was nicely elucidated by the
group around Leuner. In a number of elegant studies in
rats they revealed that the main drive for the reduction in
cell proliferation on LD2 and LD8 is the hypercorticism
observed during that time, which is directly linked to the
presence of pups. Accordingly, lowering CORT levels by
either pup removal or adrenalectomy prevented the decrease
in hippocampal cell proliferation [131]. Similarly, chronic
injection of high CORT (40mg/kg/day) during gestation or
the postpartum period leads to a decrease in cell proliferation
in rats when compared to an oil-treated control group [210].
These results are in contrast to our recent findings in rats
where we were able to show that chronic stress during
lactation reverses the lactation-associated decrease in cell
proliferation despite a basal increase in CORT levels on LD6
[61]. These results may initially seem paradoxical, as stress
or high CORT levels are commonly thought to impair adult
hippocampal neurogenesis [210–213]. However, it has been
shown that the DG proliferation rate may habituate to stress
exposure and, thus, display a reduced sensitivity to HPA axis
hormones [211]. Moreover, despite the literature supporting a
link between a reduction in adult hippocampal neurogenesis
and high basal CORT levels during stress and lactation, only
a small percentage of precursor cells express CORT receptors
[214].

Aside from the role of glucocorticoids in regulating
peripartum-associated hippocampal neurogenesis there are
a few other pregnancy/lactation hormones that might con-
tribute to the observed changes. In fact, estradiol, which
increases 50-fold throughout pregnancy and drops during
late pregnancy has been shown to decrease cell proliferation
during early lactation in a hormone-stimulated pregnancy
regimen in rats [132]. To date there is no proof that OXT
would affect hippocampal neurogenesis during the peri-
partum period. However, given the fact that OXT levels
are high during that time and OXT has been shown to
promote hippocampal neurogenesis in male rats even under
conditions of chronic stress [215], a potential regulatory
involvement of this neuropeptide seems to be feasible.
Therefore, further studies are highly desired to elucidate
mechanisms underlying peripartum-associated alterations in
hippocampal neurogenesis, particularly given the clear link
between hippocampal neurogenesis, stress-related mental
illnesses, and antidepressant treatment [216–220], and with
regard to the fact that the peripartum period is a time of high
susceptibility for women to develop mood or anxiety disor-
ders (see [1] for review). Interestingly, we recently showed
that chronic stress during lactation severely affects different
stages of hippocampal neurogenesis [61]. Aside from the
above-mentioned increase in hippocampal cell proliferation
chronic stress exclusively reduced the number of newly
generated neuronswithout affecting the astrocytic niche.This
is particularly striking given the fact that the addition of new
neurons is thought to be of importance in relation tomaternal
bonding and care [221, 222] and vice versa [126], which is
severely affected not only in women with PPD [223], but also

in rodents showing a change in maternal care and anxiety
after chronic peripartum stress [151, 164, 224]. In this context,
a dysregulation of the OXT system might be definitely taken
into consideration as low plasma OXT concentrations during
midpregnancy have been shown to significantly predict PPD
symptoms two weeks postpartum in humans [225] and a
reduced OXT mRNA expression in late pregnancy has been
shown to be correlated with abnormal maternal behavior and
anxiety in rodents [151].

Other factors that might contribute not only to
peripartum-associated forms of neuroplasticity, but also with
significant importance for proper placental development,
are PlGF, VEGF, and their receptors, that are expressed in
placental tissue and the brain (see [226, 227] for review).
Although there is increasing evidence for a parallelism
between vessel and nerve patterning in humans and rodents
[228–230], there is a lack of research assessing the role of
PlGF and VEGF in various forms of peripartum-associated
neuroplasticity. This is astonishing, given the importance of
a sufficient availability of these angiogenic factors in proper
placentation as seen in humans [227, 231, 232] and the fact
that both proteins have already been shown to be positively
involved in neurogenic processes outside the context of
pregnancy or lactation. In more detail, PlGF promotes the
survival of primary cortical neurons in an in vitro model of
permanent middle cerebral artery occlusion [233]. Similarly,
VEGF stimulates the expansion of neural stem cells in vitro
[234] and has been shown to be essential for the increase
in hippocampal blood vessel density, neurogenesis in the
OB and DG, and a resulting antidepressant effect in rats
[234, 235]. Thus, it might be speculated that sufficient high
levels of both PlGF and VEGF during the peripartum period
are required to ensure neuroplasticity of the maternal brain
and consequently maternal mental health. Although, to date
there is no proof for an involvement of placental factors in
the development of postpartum mood or anxiety disorders,
it is clear that a malfunction in those systems mainly drives
placental and endothelial dysfunction in preeclampsia.
Characterized by the core symptoms hypertension and
proteinuria after 20 weeks of gestation, preeclampsia is a
leading cause of maternal and fetal morbidity and mortality
[227]. Although there has been extensive research over
the last decades revealing mechanisms underlying the
pathology of preeclampsia, what is the cause and what is
the consequence of the disease remain elusive. Nevertheless,
one key mechanism seems to be based on a dysfunction of
cytotrophoblasts, which, under normal conditions, acquire
tumor-like properties that allow them to invade the uterus
and promote vasculogenesis and subsequent angiogenesis
by secreting VEGF and PlGF [236, 237]. In preeclamptic
patients unbound plasma levels of these angiogenic factors
have been shown to be severely diminished due to an
increased expression of soluble fms-like tyrosine kinase sFlt-1
[238], which diminishes the binding of VEGF and PlGF to
their usual transmembrane receptor Flt-1. This in fact will
start up a couple of processes that will result in abnormal
placental perfusion and microvascular oxidative damage
(for review see [227]) and the occurrence of the typical
core symptoms. Indeed, lowering the elevated level of sFlt-1
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in very preterm preeclamptic women by dextran sulfate
apheresis effectively improved the outcome for mother
and fetus [239]. As mentioned above, other symptoms of
preeclampsia, aside from proteinuria and hypertension, are
severe cognitive impairments of themothers during lactation
[209]. Although the observedmemory impairmentsmight be
due to an increased CNS permeability during preeclamptic
pregnancy [240], the fact that PlGF and VEGF act as
neuroprotective and neurotrophic as discussed above raises
the question about a reduced neuroplasticity in preeclamptic
women that might underlie the observed impairments in
cognition.

6. Conclusions

To date there has been extensive research revealing
peripartum-associated adaptations on the physiological
and behavioral level, as well as on several forms of neuronal
plasticity of the maternal brain. As outlined throughout the
review there have been numerous studies nicely revealing
that changes in the OXT and PRL system, altered levels
of angiogenic factors like PlGF and VEGF, as well as
immunological parameters tremendously contribute to
adaptations of the maternal physiology, the function of
“maternal” brain regions, and the resultant behavioral
repertoire. Moreover, it is known that malfunction of these
systems can lead to peripartum-associated physiological
and psychological pathologies such as preeclampsia or
depression. Although, there is an incontrovertible parallelism
between factors regulating vasculogenesis and angiogenesis
during placentation as well as neuroplasticity, there is a lack
of research perceiving the placenta and the brain, as well as
their regulatory mechanisms rather as a peripartum entity
than as isolated organs. Thus, as VEGF and PlGF might play
bigger roles than currently anticipated and the possibility
that the cytokine and immune status of women during and
after pregnancy might be involved in the physiological and
structural changes observed in these critical periods of life,
future studies are highly desirable to answer those open
questions.
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“Evidence for cell proliferation in the sheep brain and its down-
regulation by parturition and interactions with the young,”
Hormones and Behavior, vol. 58, no. 5, pp. 737–746, 2010.

[126] M. Furuta and R. S. Bridges, “Effects of maternal behavior
induction and pup exposure on neurogenesis in adult, virgin
female rats,” Brain Research Bulletin, vol. 80, no. 6, pp. 408–413,
2009.

[127] A. Rolls, H. Schori, A. London, and M. Schwartz, “Decrease
in hippocampal neurogenesis during pregnancy: a link to
immunity,” Molecular Psychiatry, vol. 13, no. 5, pp. 468–469,
2008.

[128] M. Banasr, M. Hery, J. M. Brezun, and A. Daszuta, “Serotonin
mediates oestrogen stimulation of cell proliferation in the adult
dentate gyrus,” European Journal of Neuroscience, vol. 14, no. 9,
pp. 1417–1424, 2001.

[129] J. L. Pawluski, A. Valenca, A. I. Santos, J. P. Costa-Nunes, H. W.
Steinbusch, and T. Strekalova :, “Pregnancy or stress decrease
complexity of ca3 pyramidal neurons in the hippocampus of
adult female rats,” Neuroscience, vol. 227, pp. 201–210, 2010.
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Within the last four decades, our view of themature vertebrate brain has changed significantly. Today it is generally accepted that the
adult brain is far from being fixed. A number of factors such as stress, adrenal and gonadal hormones, neurotransmitters, growth
factors, certain drugs, environmental stimulation, learning, and aging change neuronal structures and functions. The processes
that these factors may induce are morphological alterations in brain areas, changes in neuron morphology, network alterations
including changes in neuronal connectivity, the generation of new neurons (neurogenesis), and neurobiochemical changes. Here
we review several aspects of neuroplasticity and discuss the functional implications of the neuroplastic capacities of the adult and
differentiated brain with reference to the history of their discovery.

1. Introduction

The term “neuronal plasticity” was already used by the “father
of neuroscience” Santiago Ramón y Cajal (1852-1934) who
described nonpathological changes in the structure of adult
brains. The term stimulated a controversial discussion as
some neuropathologists favored the “old dogma” that there
is a fixed number of neurons in the adult brain that cannot
be replaced when the cells die (for review see [1]). In a
wider sense, plasticity of the brain can be regarded as “the
ability to make adaptive changes related to the structure and
function of the nervous system” [2]. Accordingly, “neuronal
plasticity” can stand not only for morphological changes in
brain areas, for alterations in neuronal networks including
changes in neuronal connectivity as well as the generation of
new neurons (neurogenesis), but also for neurobiochemical
changes. We provide here a short overview of different
forms of neuroplasticity with reference to the history of their
discovery.

2. Changes in Neuron Morphology

In the late 1960s, the term “neuroplasticity” was introduced
for morphological changes in neurons of adult brains. Using

electron microcopy Raisman [3] demonstrated an “anatom-
ical reorganization” of the neuropil in the septal nuclei of
adult rats after a selective lesion to distinct axons which
terminate on the neurons in those nuclei. Since then, many
changes in the morphology of neurons in response to various
internal and external stimuli have been described. A strong
external stimulus that evokes numerous neuroplastic changes
is stress. Repeated or chronic stress changes the morphol-
ogy of neurons in various brain areas. Probably the most
thoroughly investigated neuromorphological change is the
stress-induced regression of the geometrical length of apical
dendrites of pyramidal neurons thatwas first demonstrated in
the hippocampus [4]. The hippocampus is part of the limbic-
HPA (hypothalamic-pituitary-adrenal) system and regulates
the stress response. Retraction of dendrites of CA3 pyramidal
neurons has been repeatedly documented after chronic stress
as well as after chronic glucocorticoid administration [5–7].
Dendritic retraction does of course reduce the surface of the
neurons which diminishes the number of synapses. Also neu-
rons in the medial prefrontal cortex retract their dendrites in
response to stress, but the effects depend on the hemisphere
[8, 9]. Studies on the prefrontal cortex showed that neurons
in this brain region are particularly plastic in that they change
their dendritic morphology with the diurnal rhythm [10].
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Such neuroplastic reactions are not a one-way road. In the
amygdala, the dendritic arborization of the pyramidal and
stellate neurons in the basolateral complex was enhanced by
a similar chronic stress paradigm that reduces branching of
dendrites in hippocampal CA3 pyramidal neurons [11]. The
brain’s pronounced neuroplastic capacities are also reflected
by the fact that the synapses are replaced as soon as the
stress is terminated [12]. Furthermore, drugs that stimulate
neuroplasticity can prevent the stress-induced retraction of
dendrites in the hippocampal formation [13]. A form of
functional neuroplasticity is long-term potentiation (LTP),
that is the long-lasting enhancement in signal transmission
between two neurons after synchronous stimulation [14].

3. Neuron Death

The research on neuroplasticity in adult brains was strongly
stimulated by observations that brain neurons may die, for
example, because of trauma or degenerative illnesses such
as Parkinson’s or Alzheimer’s disease [15]. In the late 1990s,
there were reports that even the stress that an individual
experiences can kill neurons in the brain. This message
was based on studies in wild vervet monkeys that had
been housed in a primate center in Kenya where they died
suddenly. The animals had experienced severe stress because
of social isolation from their group [16].The finding that their
brains revealed dead pyramidal neurons in the hippocampus
attracted great public attention as the message was reduced
to “stress kills neurons.” However, it later turned out that in
this study on wild life animals the post mortem treatment
of the brain tissue had been not optimal. The time between
death of the animals and fixation of the brains for the
neuropathological analysis was obviously too long so that
morphology of the neurons was affected to an extent that had
nothing to do with the previous stress exposure of the living
animals. Since stress raises plasma glucocorticoids (GC),
monkeys were chronically treated with GC in a subsequent
study, and also the brains of these animals revealed changes
in neuron morphology that were interpreted as dead or
dying neurons [17]. However, these findings could not be
confirmed by others. Instead, it was recognized that the
morphological analysis of pyramidal neurons is technically
delicate. It became apparent that, after a subject’s death,
neuronsmay dramatically change their morphology and turn
into “dark neurons” when the brain tissue has not been
fixed adequately for the histological analysis [18]. When the
chronic stress experiments were repeated under conditions
that acknowledged those technical issues, it turned out that
stress does not kill neurons, which is definitely a good
message for stressed individuals [19]. Further studies showed
that apoptosis (programmed cell death) in the hippocampal
formation is a relatively rare event and that chronic stressmay
even reduce cell death in certain hippocampal subfields while
increasing apoptosis in others [20]. Since chronic social stress
in animals is regarded as preclinical model for depression
the finding of a lack of neuron death in stressed animals
also shed new light on a hypothesis saying that, in humans,
major depression kills neurons in the brain. Indeed, it was

later found that hippocampal neuron numbers in depressed
subjects do not significantly differ from the numbers in
healthy individuals [21]. Also the hypothesis that chronic
GC exposure leads to neuron death had to be revised. A
summary of a range of studies on these issues concluded
that it is unlikely that endogenous GC can cause structural
damage to the hippocampal formation [22]. Nevertheless it
is an established fact that “adverse influences” such as stress,
depression, and chronic GC treatments may cause shrinkage
of the hippocampal formation [23]. However, the underlying
processes are obviously not neuron loss but other changes
in the tissue such as reductions in neuronal dendrites and
further presumptive alterations in the neuropil that have not
been identified in detail yet ([6, 24]; for review see [25]).

4. Neurogenesis in Adult Vertebrates

The most appealing phenomenon of neuroplasticity appears
to be adult neurogenesis, that is the generation of new
neurons in adult brains. Neurogenesis takes of course place
in the developing central nervous system, but in view of
the fact that certain illnesses such as Parkinson’s disease and
multiple sclerosis occur in adulthood the interesting question
is whether also adult brains are able to replace lost neurons.

In contrast to most cells of the body such as those in the
gut, the skin, or the blood which are constantly renewed, the
brain—and in particular the mammalian brain—has always
been regarded as a nonrenewable organ. Most neurons of the
adult central nervous system appear as terminally differen-
tiated. Although the adult brain can sometimes functionally
compensate for damage by generating new connections
among surviving neurons, it does not have a large capacity
to repair itself because most brain regions are devoid of stem
cells that are necessary for neuronal regeneration. This lack
of neuroplasticity was first described by Santiago Ramón
y Cajal who stated that “In adult centers the nerve paths
are something fixed, ended, immutable. Everything may die,
nothing may be regenerated. It is for science of the future to
change, if possible, this harsh decree” [26].

The “no new neurons” dogma was already challenged
almost five decades ago. Using autoradiographywith the triti-
ated DNA nucleoside 3H-thymidine, Altman [27, 28] gained
first evidence for the production of glia cells and possibly also
of neurons in the brains of young adult rats and adult cats.
In subsequent studies, 10-day-old rats received 3H-thymidine
and the tritium radioactivity was visualized 2 months later
in cells of the subgranular zone in the dentate gyrus [29].
Unfortunately, autoradiography with 3H-thymidine is a very
delicate method and it is not easy to pick up the low
number of neurons that is generated daily in, for example, the
dentate gyrus of adult mammals. Accordingly, 3H-thymidine
autoradiographs produced at that time could not generally
convince the scientific community that adult neurogenesis
really exists. Thus only a limited number of experiments
followed the initial studies mentioned above. However, the
neuronal character of newly generated cells in the rodent
dentate gyrus was confirmed and further substantiated by
demonstrating that these newborn cells receive synaptic input
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and extend axons into the mossy fiber pathway that projects
to the CA3 subfield [30–32]. Another landmark was in the
early 1980s, when substantial neurogenesis was demonstrated
in a vocal control nucleus of the adult canary brain [33],
and a functional link between behavior, song learning, and
the production of new neurons was established [34]. The
finding that, in songbirds (canaries, zebra finches), males
have larger song control nuclei in their brains as compared
to females indicated that the number of neurons in those
adult birds may change with the season [35]. Indeed, the
neuron number in song control nuclei increases in spring
time when male zebra finches begin to sing, and newborn
neuronswere also found in theHVC (hyperstriatum ventrale,
pars caudalis) of adult canaries [36]. Studies on the HVC in
birds showed that steroid hormones play important roles in
these processes of neuroplasticity, in particular the gonadal
hormone testosterone [35, 37].

In line with these findings Cajal’s statement on the fixed
number of neurons in adult brainswas further challenged as it
became clear that even inmammals, parts of the adult central
nervous system are able to replace neurons. In the olfactory
epithelium of themammalian nose, sensory neurons are con-
tinuously generated throughout the lifespan, as first shown in
adult squirrel monkeys [38]. This electron microscopic study
clearly showed large numbers of newborn sensory neurons
that are produced every day in the olfactory epithelium of
the adult animals. Later it was found that also neurons in the
olfactory bulb (OB) of adult mammals can be replaced. The
new OB neurons derive from the subventricular zone at the
lateral ventricle where neuroblasts are generated that migrate
through the rostral migratory stream to the OB (Figure 1).
The neuroblasts differentiate to functional neurons, in that
case granule cells, which form synapses with mitral cells ([39,
40]; for review see [41]). However, OB neurogenesis is easier
to detect than hippocampal neurogenesis and it took several
years until there was reliable evidence that hippocampal
neurogenesis does exist in adult mammals.

In particular, neurogenesis could long not be demon-
strated in the brains of adult nonhuman primates such
as rhesus monkeys thereby leading to the assumption that
neuronal replication is not tolerated in primates. In an initial
study, Rakic [42] investigated neurogenesis in adult rhesus
monkeys using 3H-thymidine, examining major structures
and subdivisions of the brain including the visual, motor, and
the associationneocortex, hippocampus andOB.Rakic found
“not a single heavily labeled cell with the morphological
characteristics of a neuron in any brain in any adult animal”
and concluded that “all neurons of the rhesus monkey brain
are generated during prenatal and early postnatal life” [42,
43]. Furthermore, Rakic argued that “a stable population of
neurons may be a biological necessity in an organism whose
survival relies on learned behavior acquired over a long
period of time.” These statements had a profound influence
on the development of the research field in that they formed
the basis for researchers of the time to show little interest to
detect neurogenesis in the adult mammalian brain.

A revolution in the field of neurogenesis research took
place when the thymidine analog 5-bromo-2-deoxyuridine

(BrdU) and corresponding antibodies were introduced for
labeling newborn neurons by immunohistochemistry [44].
Using this new—and in comparison to autoradiography—
simple and fast technique, it became clear that adult hip-
pocampal neurogenesis in mammals is not restricted to
rodents but has been conserved throughout mammalian
evolution. The formation of new granule neurons was, for
example, demonstrated in the dentate gyrus of adult rats and
tree shrews [45, 46]; the later species is regarded as phylo-
genetically located between insectivores and primates [47].
Evidence of neurogenesis in the adult primate brain derived
from studies in marmoset monkeys [48], a small nonhuman
primate from South America, and in macaques which are
typical representatives of the nonhumanOld-World primates
[49, 50]. Finally, the existence of neurogenesis in the adult
human brain was shown in cancer patients who were injected
with BrdU to monitor tumor cell proliferation. Some of these
patients died from their illness and small samples of their
hippocampi were evaluated for the presence of BrdU-labeled
neurons. Since BrdU had been systemically administered, all
dividing cells were supposed to be labeled. Indeed, newborn
neurons were detected in the dentate gyrus granule cell
layer of all individuals [51]. These data unequivocally showed
that adult neurogenesis is a common phenomenon across
mammalian species. It thus became generally accepted that
adult neurogenesis not only does occur in the olfactory
bulb and the gyrus dentatus of the hippocampal formation
of mammals but can also be detected in “higher” brain
regions such as the neocortex [52, 53]. However, there are
still open questions regarding the extent of neurogenesis in
homologous brain regions of different mammalian species
(see below).

To detect neurogenesis in brains of adult humans the
group of J. Frisén took advantage of the increased concentra-
tion of 14C in the atmosphere after nuclear bomb tests [54].
After a nuclear explosion, this radioisotope is increasingly
incorporated into dividing cells of living organisms, including
humans. Through the determination of 14C, the authors
found that about 700 new neurons are generated daily in
the hippocampal formation of adult humans. Interestingly,
the 14C analysis of human brains revealed adult neurogenesis
in the striatum, adjacent to a site at the lateral ventricle
where neuronal precursor cells are generated, and there
are indications that the neuroblasts in the human striatum
differentiate to interneurons [55]. Surprisingly, no newborn
neurons could be detected with the 14C technique in the
adult humanOB.Thesemost recent findings clearly show that
species and brain-region specific processes of neurogenesis
await further elucidation.

Adult neurogenesis does occur not only in mammals
and birds but also in amphibians, reptiles, and bony fishes
(for references see [56]). Despite this omnipresence of adult
neurogenesis within vertebrates, comparative studies have
revealed significant differences between classes. So far it
appears that in most mammals, the generation of new
neurons in adult brains takes place in two regions, the
subventricular zone and the dentate gyrus, and the number
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Figure 1: A schematic view on adult neurogenesis. Neuronal progenitor cells are generated in the subventricular zone (SVZ) and in the dentate
gyrus (DG) of the hippocampal formation (Hip). (1) In the SVZ, neuroepithelial progenitor cells are generated that migrate through the RMS
(rostral migratory stream) to the olfactory bulb (OB).They differentiate to mature neurons and are integrated as functional elements into the
neuronal olfactory circuitry. (2) In the DG, quiescent neural progenitors (a) become amplifying neural progenitors (b) that differentiate first
to neuroblasts (c), then to immature neurons (d), and finally to functionally mature granule neurons (e).

of newly generated neurons is small compared to the total
number of brain cells (Figure 1). However, there are also
reports from studies in mice that new neurons can be
generated in the adult substantia nigra, although with “a slow
physiological turnover of neurons” [57]. In contrast, in fish
a huge number of neurons are continuously produced in
many areas of the adult brain [56]. Also important tomention
that in comparison with fishes, reptiles and birds, the rate of
neurogenesis in adult mammals decreases with age [58].

5. Regulators of Adult Neurogenesis

The existence of neurogenesis in adult brains gives hope that
even damaged brain regions can be functionally repaired.
Indeed, injury to the adult brain such as ischemic insults stim-
ulates the proliferation of subventricular zone cells and thus
the formation of neuronal precursor cells. These neuroblasts
migrate along blood vessels to the damaged region (for review
see [41]). However, only a small percentage can survive,
in part because inflammatory processes that occur in the
ischemic brain region inhibit neurogenesis and the successful
integration of new cells into a functional neuronal network
[59]. Anti-inflammatory drugs can restore neurogenesis, as
shown in rodentmodels of peripheral inflammation and after
irradiation [60].

Knowledge about the regulation of adult neurogenesis is
definitely a prerequisite for future therapeutic interventions
that may take advantage of the generation of new neurons in
adult brains. Kempermann [61] emphasized that there is an
“immense spectrum of neurogenic regulators” which reflect
“the sensitivity of adult neurogenesis to many different types
of stimuli.” Respective regulatory elements that are so far
known include single molecules as well as environmental
conditions that lead to changes in a large number of fac-
tors which themselves influence neurogenesis. Among the
molecular factors that were first identified as regulators of

adult neurogenesis are sex steroids such as estrogen which
can at least transiently stimulate neurogenesis in the dentate
gyrus [62]. Steroid hormones have pleiotropic effects on the
expression of many genes among which are also genes which
themselves encode regulators of neurogenesis. Accordingly,
in female mammals, effects of steroid hormones on adult
neurogenesis depend on the estrous cycle and other stages
related to reproductive biology [63]. It is not surprising that
growth factors such as BDNF (brain-derived neurotrophic
factor) and VEGF (peripheral vascular endothelial growth
factor) regulate adult neurogenesis [64–66]. Also the neuro-
transmitter glutamate and astroglia have an impact on adult
neurogenesis, probably by generating a distinct microen-
vironment that may favor the generation/differentiation of
neuroblasts [67–69].The large number of factors that regulate
adult neurogenesis has been reviewed before [70].

Effects of stress on neurogenesis in the dentate gyrus
(the so-called hippocampal neurogenesis) have been studied
by several groups. Chronic social stress in tree shrews
and other adverse stress experiences in marmoset monkeys
reduced hippocampal neurogenesis [23, 46, 48]. The effects
of social and other forms of stress depend on the stressor’s
intensity and its duration, and they may be reversible [71].
Prenatal stress in rhesus monkeys has persistent effects as
a reduction in neurogenesis was observed in the adolescent
individuals [72]. In newborn marmoset monkeys which
were intrauterinely exposed to the synthetic glucocorticoid
dexamethasone, the proliferation of putative precursor cells
but not the differentiation into mature cells was impaired
[73]. Interestingly, this decreased proliferation rate observed
in newborn monkeys was no longer detectable in their 2-
year-old siblings suggesting no long-lasting effect of prenatal
hyperexposure to dexamethasone on neuronal proliferation
and differentiation in the dentate gyrus of marmoset mon-
keys [74].

Several authors attributed the effects of stress on neuro-
genesis to the actions of glucocorticoids which are elevated in
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(a) (b)

(c) (d)

Figure 2: Electron micrographs of pyramidal neuron nuclei in the hippocampus of control and stressed male tree shrews: (a), control
CA1; (b), stress CA1; (c), control CA3; (d), stress CA3. Note the homogeneous nucleoplasma (NP) in the controls and the large number
of heterochromatin clusters (arrow) in nuclei of CA3 pyramidal neurons in stressed animals. NL: nucleolus. Calibration bar: 2 𝜇m.

the blood of stressed individuals. Corticosteroids do indeed
regulate neurogenesis and the glucocorticoid receptor antag-
onist mifepristone prevented the stress-induced reduction in
hippocampal neurogenesis [75]. Also the mineralocorticoid
receptor appears to play a particular role as indicated by the
fact that a genetic disruption of the receptor impaired adult
hippocampal neurogenesis in mice [76]. However, elements
of the glucocorticoid system are not the only regulatory
factors of adult neurogenesis in stress. Instead, as pointed
out above, other components of the stress cascade such as
enhanced excitatory neurotransmission (increased glutamate
release) play also a role. In several preclinical models of
depression using stress to induce depressive-like symptoms
in animals, certain antidepressants restored the neurogenesis
that had been impaired by the stress (see, e.g., [23, 77]).There
are indications that antidepressants activate the glucocorti-
coid receptor which may increase hippocampal neurogenesis
[78]. However, it remains an enigma whether endogenous or

synthetic substances exist that can boost adult neurogenesis
via this receptor system.

The formation of new neurons is regulated by substances
derived from blood vessels and is targeted by an enormous
number of factors [61, 79]. Coinciding with this view are
reports demonstrating that adult neurogenesis is enhanced by
physical activity such as running [80], by learning [81], or by
environmental enrichment [82–84].

6. Functional Role of Adult Neurogenesis

Soon after the discovery of adult neurogenesis it was hypoth-
esized that hippocampal neurogenesis (i.e., the neurogenesis
in the subgranular zone of the dentate gyrus, a region of
the hippocampal formation) plays a crucial role in learning
and memory [81]. However, experimental results on the
role of different forms of memory in adult rodents (e.g.,
spatial learning versus associative memory) were in part
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Figure 3: Relative number of heterochromatin clusters in electron micrographs from nuclei of pyramidal cells in CA1 and CA3. Data are
mean ± SEM (𝑃 ≤ 0.0001).

contradictory. In a comprehensive review, Koehl and Abrous
[85] came to the conclusion that adult neurogenesis in
rodents is involved “when the task requires the establishment
of relationships amongmultiple environmental cues. . .for the
flexible use of acquired information.” Whether this is true
for all mammals remains to be determined as a low rate or
even absence of neurogenesis was found in the hippocampal
formation of adult bats [86] and in whales [87], species with
an excellent spatial working memory. In the OB, adult-born
new neurons are integrated into the neuronal circuits that are
responsible for olfaction and olfactory memory, respectively
(for review see [88]).

The fact that in animal models of depression certain
antidepressants restored normal neurogenesis that had been
impaired by stress led to the hypothesis that the benefi-
cial effects of antidepressants depend on the restoration of
normal neurogenesis [77]. The volume of the hippocampal
formation is reduced in patients with major depression, and
antidepressants can normalize hippocampal volume [89].
However, the hippocampal shrinkage is probably not due to a
decrease in neurogenesis but rather tomore complex changes
in the neural network which involve dendritic, axonal, and
possibly also glial alterations [24]. Kempermann et al. [90]
proposed that “failing adult hippocampal neurogenesis may
not explain major depression, addiction or schizophrenia,
but contributes to the hippocampal aspects of the diseases.”
A comparison of the neural stem-cell proliferation in post
mortem brain samples from patients with major depres-
sion, bipolar affective disorder, schizophrenia, and control
subjects revealed no evidence of reduced neurogenesis in
the dentate gyrus of depressed individuals. Furthermore,
antidepressant treatment did not increase neural stem-cell
proliferation. Unexpectedly, significantly reduced numbers
of newly formed cells were found only in schizophrenic
patients [91]. Concerning impaired neurogenesis as presump-
tive cause of depression a group of experts summarized that

“a lasting reduction in neurogenesis” . . . (is) “unlikely to
produce the full mood disorder” [92]. However, more recent
reports based on post mortem studies showed decreased
numbers of neuronal progenitor cells in the dentate gyrus
of depressed patients and a selective enhancing effect of
antidepressant treatment in the anterior and middle den-
tate gyrus of depressed individuals [93–95]. To overcome
the manifold limitations of post mortem studies, a future
approach to address the question of adult neurogenesis in
humans more precisely (possibly in longitudinal studies)
could be the visualization of this process in live subjects
using advanced in vivo imaging techniques. Moreover, this
approach could help answer the open questions on the role of
neurogenesis in cognitive functions and its functional impact
and contribution to the etiology of depression.

7. Chromatin Changes

When searching for dead neurons in the hippocampal for-
mation of male tree shrews, standard histology showed that
chronic social stress does not lead to neuronal death but
changes the appearance of the nuclei in the hippocampal neu-
rons [96]. Closer investigations revealed that chronic stress
increases the formation of heterochromatin in the nuclei of
the hippocampal neurons [97]. In this study, the nuclear
ultrastructure of hippocampal pyramidal neurons in male
tree shrews that had been exposed to daily social stress during
four weeks according to a standard stress paradigm was
analyzed. Electron microscopic analysis revealed that in the
stressed animals the nucleoplasma of CA3 pyramidal neurons
displayed numerous heterochromatin clusters (Figure 2).
Heterochromatin is a form of condensed chromatin whose
occurrence indicates that transcription of genes is reduced
in those cells. Quantification of the clusters revealing areas
larger than 1 𝜇m2 in the hippocampal region CA3 showed
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that there was more heterochromatin in stressed animals
compared to controls. In contrast, in area CA1, the stress had
no effect on the density of heterochromatin clusters (Figure 3;
[97]). Although in those days it was totally unknown which
genes in the hippocampal nuclei were “silenced” by the
chronic stress, these morphological data indicated already
what was later called “epigenetics,” the phenomenon that
environmental factors change the structure of chromatin,
influence transcription, and induce changes in the genome
[98]. Since glucocorticoid hormones are often regarded as
important factors that convey many effects of chronic stress,
it was tested whether a chronic cortisol treatment would
have the same effects on the chromatin as the chronic social
stress. Interestingly, chronic cortisol changed the number of
heterochromatin clusters only in hippocampal region CA1,
but not in CA3, the region that is targeted by stress (Figure 3).
These results indicate a site and treatment specific reaction
to stress and glucocorticoid treatment in the hippocampal
formation. The obvious differences between chronic stress
and chronic glucocorticoid treatment must be kept in mind
because they possibly reflect different cellular pathways acti-
vated by the two treatments.
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“Suppressed proliferation and apoptotic changes in the rat
dentate gyrus after acute and chronic stress are reversible,”
European Journal of Neuroscience, vol. 19, no. 1, pp. 131–144,
2004.
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and Marie-Ève Tremblay; Tremblay.Marie-Eve@crchudequebec.ulaval.ca

Received 10 December 2013; Accepted 11 February 2014; Published 19 March 2014

Academic Editor: Carlos Fitzsimons

Copyright © 2014 Amanda Sierra 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.

Microglia cells are the major orchestrator of the brain inflammatory response. As such, they are traditionally studied in various
contexts of trauma, injury, and disease, where they are well-known for regulating a wide range of physiological processes by their
release of proinflammatory cytokines, reactive oxygen species, and trophic factors, among other crucial mediators. In the last
few years, however, this classical view of microglia was challenged by a series of discoveries showing their active and positive
contribution to normal brain functions. In light of these discoveries, surveillant microglia are now emerging as an important
effector of cellular plasticity in the healthy brain, alongside astrocytes and other types of inflammatory cells. Here, we will review
the roles of microglia in adult hippocampal neurogenesis and their regulation by inflammation during chronic stress, aging,
and neurodegenerative diseases, with a particular emphasis on their underlying molecular mechanisms and their functional
consequences for learning and memory.

1. Microglia: The Resident Immune
Cells of the Brain

Microglia were first described in 1919 by the Spanish neu-
roanatomist Pı́o del Rı́o Hortega, a disciple of the renowned
Santiago Ramón y Cajal, almost half a century later than
neurons and astrocytes and just before oligodendrocytes
[1]. This delayed appearance into the neuroscience arena is
still apparent today, as microglia remain one of the least
understood cell types of the brain. Traditionally, microglia
were simply considered as “brain macrophages” controlling
the inflammatory response during acute insults and neurode-
generative conditions, and only recently was their unique
origin revealed. Indeed, microglia were shown to derive from

primitive myeloid progenitors of the yolk sac that invade
the central nervous system (CNS) during early embryonic
development (reviewed in [2]). In contrast, circulatingmono-
cytes and lymphocytes, as well as most tissue macrophages,
derive from hematopoietic stem cells located initially in the
foetal liver and later in the bone marrow [3]. In the adult
brain, the microglial population is maintained exclusively by
self-renewal during normal physiological conditions [2]. As
a consequence, microglia are the only immune cells which
permanently reside in theCNS parenchyma, alongside neural
tube-derived neurons, astrocytes, and oligodendrocytes.

These past few years, unprecedented insights were also
provided into their extreme dynamism and functional
behaviour, in health as much as in disease. Indeed, microglia
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were revealed to be exceptional sensors of their environment,
responding on a time scale of minutes to even subtle vari-
ations of their milieu, by undergoing concerted changes in
morphology and gene expression [4, 5]. During pathological
insults, “activated” microglia were particularly shown to
thicken and retract their processes, extend filopodia, prolif-
erate and migrate, release factors and compounds influenc-
ing neuronal survival (such as proinflammatory cytokines,
trophic factors, reactive oxygen species (ROS), etc.), and
phagocytose pathogens, degenerating cells and debris, thus
providing better understanding of their roles in orchestrating
the inflammatory response [6]. These abilities as immune
cells are also recruited during normal physiological condi-
tions, where “surveillant” microglia further participate in
the remodeling of neuronal circuits by their phagocytic
elimination of synapses and their regulation of glutamater-
gic receptors maturation and synaptic transmission, among
other previously unexpected roles [7–9], in addition to
their crucial involvement in the phagocytic elimination of
newborn cells in the context of adult neurogenesis [10].

Our review will discuss the emerging roles of microglia
in adult hippocampal neurogenesis and their regulation by
inflammation during chronic stress, aging, and neurode-
generative diseases, with a particular emphasis on their
underlying molecular mechanisms and their functional con-
sequences for learning and memory (Figure 1).

2. A Brief Overview of
Adult Hippocampal Neurogenesis

Adult hippocampal neurogenesis is continuously maintained
by the proliferation of neural stem cells located in the
subgranular zone (SGZ) [11–13]. These neuroprogenitors
have been named “radial glia-like cells” (rNSCs), or type 1
cells, since they morphologically and functionally resemble
the embryonic radial glia. They have also been defined as
“quiescent neuroprogenitors” because only a small percentage
of the population is actively dividing during normal phys-
iological conditions. The lineage of these cells is frequently
traced by using analogs of the nucleotide thymidine, such
as bromodeoxyuridine (BrdU) which gets incorporated into
the DNA of dividing cells during the S phase and can be
detected by immunofluorescence. Alternatively, their lineage
can be traced by labeling with fluorescent reporters which are
delivered to dividing cells by retroviral vectors or expressed
by specific cell type promoters via inducible transgenic mice
(for a review of the methods commonly used to study adult
neurogenesis, see [14]). The daughter cells of rNSCs, also
called type 2 cells or amplifying neuroprogenitors (ANPs),
rapidly expand their pool by proliferating before becoming
postmitotic neuroblasts. Within a month, these neuroblasts
differentiate and integrate as mature neurons into the hip-
pocampal circuitry [15]. They however display unique elec-
trophysiological characteristics during several months, being
more excitable than mature neurons [16], and constitute a
special cell population that is particularly inclined to undergo
synaptic remodeling and activity-dependent plasticity [17].

These unique properties of the newborn neurons and
the neurogenic cascade in general suggested that adult
hippocampal neurogenesis could play an important role
in hippocampal-dependent functions that require exten-
sive neuroplasticity such as learning and memory. Indeed,
activity-dependent plasticity and learning are long known
for modulating adult neurogenesis in a complex, yet specific
manner, with adult hippocampal neurogenesis being influ-
enced by learning tasks which depend on the hippocam-
pus [44, 45]. For instance, hippocampal-dependent learning
paradigms were found to regulate the survival of newborn
neurons, in a positive manner that depends on the timing
between their birth and the phases of learning [46, 47]. Young
(1.5–2 months old) newborn neurons were also shown to
be preferentially activated during memory recall in a water
maze task, compared to mature neurons, as determined by
colabeling of BrdU with immediate early genes such as c-
Fos and Arc, in which expression correlates with neuronal
firing [48]. Nonetheless, it has only been in the last few
years that loss-of-function and gain-of-function approaches
with inducible transgenic mice were able to confirm that
adult hippocampal neurogenesis is necessary for synaptic
transmission and plasticity, including the induction of long-
term potentiation (LTP) and long-term depression [49], as
well as trace learning in conditioned protocols [50], memory
retention in spatial learning tasks [51, 52], and encoding of
overlapping input patterns, that is, pattern separation [53].

Adult hippocampal neurogenesis and its functional
implications for learning and memory are however influ-
enced negatively by a variety of conditions that are commonly
associatedwithmicroglial activation and inflammation in the
brain, such as chronic stress, aging, and neurodegenerative
diseases, as we will review herein. Indeed, inflammation
caused by irradiation produces a sustained inhibition of
neurogenesis, notably by decreasing the proliferation and
neuronal differentiation of the progenitors, and therefore,
exposure to therapeutic doses of cranial irradiation has been
widely used for modulating neurogenesis experimentally
before the development of more specific approaches [54].

3. Regulation of Adult Hippocampal
Neurogenesis by Inflammation

Inflammation is a natural bodily response to damage or
infection that is generally mediated by proinflammatory
cytokines such as interleukin 1 beta (IL-1𝛽), interleukin 6 (IL-
6), and tumour necrosis factor alpha (TNF𝛼), in addition
to lipidic mediators such as prostaglandins and leukotrienes.
Oftentimes, it is associated with an increased production of
ROS, as well as nitric oxide (NO). Together, these proin-
flammatory mediators lead to an increase in local blood
flow, adhesion, and extravasation of circulating monocytes,
neutrophils, and lymphocytes [55]. In the brain,microglia are
the main orchestrator of the neuroinflammatory response,
but other resident cell types, including astrocytes, endothelial
cells, mast cells, perivascular and meningeal macrophages,
and even neurons, can produce proinflammatory mediators,
though perhaps not to the same extent as microglia [56].
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Figure 1: The effects of surveillant and inflammatory microglia on the adult hippocampal neurogenic cascade. During physiological
conditions, surveillant microglia effectively phagocytose the excess of apoptotic newborn cells and may release antineurogenic factors
such as TGF𝛽. This anti-inflammatory state is maintained by neuronal (tethered or released) fractalkine. Enriched environment drives
microglia towards a phenotype supportive of neurogenesis, via the production of IGF-1. In contrast, inflammatory challenge triggered by
LPS, irradiation, aging, or AD induces the production of proinflammatory cytokines such as IL-1𝛽, TNF𝛼, and IL-6 by microglia as well as
resident astrocytes and infiltrating monocytes, neutrophils, and lymphocytes. These cytokines have profound detrimental effects on adult
neurogenesis by reducing the proliferation, survival, integration, and differentiation of the newborn neurons and decreasing their recall
during learning and memory paradigms.

In addition, peripheral immune cells invading the CNS
during inflammation can further produce proinflammatory
mediators, but the respective contribution ofmicroglia versus
other cell types in the inflammatory response of the brain is
poorly understood.

The harmful effects of inflammation are also widely
determined by the actual levels of proinflammatory media-
tors released, rather than the occurrence or absence of an
inflammatory response in itself. For instance, TNF𝛼 regulates
synaptic plasticity by potentiating the cell surface expression
of AMPA glutamatergic receptors, thus resulting in a homeo-
static scaling following prolonged blockage of neuronal activ-
ity during visual system development [57]. However, TNF𝛼
also produces differential effects at higher concentrations,
ranging from an inhibition of long-term potentiation to an
enhancement of glutamate-mediated excitotoxicity in vitro
[58]. Inflammation induced by chronic ventricular infusion
of bacterial lipopolysaccharides (LPS; a main component
of the outer membrane of Gram-negative bacteria), that is,
the most widely used method for inducing an inflammatory
challenge, also increases ex vivo the hippocampal levels of
TNF𝛼 and IL-1𝛽, thereby impairing novel place recognition,
spatial learning, and memory formation, but all these cog-
nitive deficits can be restored by pharmacological treatment

with a TNF𝛼 protein synthesis inhibitor, a novel analog of
thalidomide, 3,6-dithiothalidomide [59].

The impact of inflammation on adult hippocampal neu-
rogenesis was originally discovered by Olle Lindvall and
Theo Palmer’s groups in 2003, showing that systemic or
intrahippocampal administration of LPS reduces the for-
mation of newborn neurons in the adult hippocampus, an
effect that is prevented by indomethacin, a nonsteroidal anti-
inflammatory drug (NSAID) which inhibits the synthesis of
proinflammatory prostaglandins [60, 61]. Similarly, inflam-
mation can determine the increase in neurogenesis that is
driven by seizures, a context in which neurogenesis can be
prevented by LPS and increased by the anti-inflammatory
antibiotic minocycline [60]. In these studies, hippocampal
proliferation remained unaffected by LPS orminocycline and
thus it is likely that inflammation targeted the survival of
newborn cells [60, 61], as LPS is known to increase SGZ
apoptosis [62]. Inflammation also has further downstream
effects on the neurogenic cascade. For instance, LPS increases
the number of thin dendritic spines and the expression
of the excitatory synapses marker “postsynaptic density
protein of 95kDa” (PSD95) in newborn neurons. LPS in
addition increases the expression ofGABAA receptors at early
stages of synapse formation, leading to suggesting a possible
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imbalance of excitatory and inhibitory neurotransmission
in these young neurons [63]. Finally, LPS also prevents the
integration of newborn neurons into behaviourally relevant
networks, including most notably their activation during
spatial exploration, as determined by the percentage of BrdU
cells colabeled with the immediate early gene Arc [64].

Importantly, none of these manipulations is specific to
microglia and may directly or indirectly affect other brain
cells involved in the inflammatory response of the brain. For
instance, both LPS andminocycline affect astrocytic function
in vitro and in vivo [65–69]. Furthermore, LPS is known
to drive infiltration of monocytes and neutrophils into the
brain parenchyma [70]. Monocytes and neutrophils produce
major proinflammatorymediators and could therefore act on
the neurogenic cascade as well. The implication of microglia
in LPS-induced decrease in neurogenesis is nonetheless
supported in vivo by the negative correlation between the
number of newborn neurons (BrdU+, NeuN+ cells) and
the number of “activated” microglia (i.e., expressing ED1)
[60]. ED1, also called CD68 or macrosialin, is a lysosomal
protein which is overexpressed during inflammatory chal-
lenge. While the location of ED1 previously suggested its
involvement in phagocytosis, its loss of function did not result
in phagocytosis deficits and thus, its function still remains
unknown (reviewed in [10]). The number of ED1-positive
microglia also negatively correlates with neurogenesis during
inflammation provoked by cranial irradiation [61]. While
correlation does not involve causation, nor can pinpoint to
the underlying mechanism, these experiments were the first
to reveal a potential role for “activated” microglia in the
regulation of adult hippocampal neurogenesis. More direct
evidence of microglial mediation in LPS deleterious effects
was obtained from in vitro experiments, as it was shown that
conditionedmedia fromLPS-challengedmicroglia contained
IL-6, which in turn caused apoptosis of neuroblasts [61].
Nonetheless, astrocytes can also release IL-6 when stimulated
with TNF𝛼 or IL-1𝛽 [71] and chronic astrocytic release
of IL-6 in transgenic mice reduced proliferation, survival,
and differentiation of newborn cells, thus resulting in a
net decrease in neurogenesis [72]. In summary, while the
detrimental impact of inflammation on neurogenesis is well
established, more work is needed to define the specific roles
played by the various inflammatory cells populating the
brain.

4. Inflammation Associated with
Chronic Stress

Across health and disease, the most prevalent condi-
tion that is associated with neuroinflammation is “chronic
stress,” which commonly refers to the repeated or sus-
tained inability to cope with stressful environmental, social,
and psychological constraints. Chronic stress is character-
ized by an imbalanced secretion of glucocorticoids by the
hypothalamic-pituitary-adrenal (HPA) axis (most notably
cortisol in humans and corticosterone in rodents), which
leads to an altered brain remodeling,massive loss of synapses,
and compromised cognitive function [73]. In particular, an

impairment of spatial learning, working memory, novelty
seeking, and decision making has been associated with
chronic stress [74]. Glucocorticoids are well known for
their anti-inflammatory properties, as they interfere with
NF-𝜅B-mediated cytokine transcription, ultimately delaying
wound healing [75]. They are also potent anti-inflammatory
mediators in vivo [76] and in purified microglia cultures
[77]. Recently, repeated administration of high doses of
glucocorticoids by intraperitoneal injection, to mimic their
release by chronic stress, was also shown to induce a loss
of dendritic spines in the motor cortex, while impairing
learning of a motor task. A transcription-dependent pathway
acting downstream of the glucocorticoid receptor GR was
proposed [78, 79] but the particular cell types involved were
not identified.

Microglia are considered to be a direct target of the gluco-
corticoids, as they were shown to express GR during normal
physiological conditions in vivo [77]. In fact, transgenic mice
lacking GR in microglia and macrophages show an increased
production of proinflammatory mediators (including TNF𝛼
and IL-1𝛽) and greater neuronal damage in response to an
intraparenchymal injection of LPS, compared to wild-type
mice [80]. In contrast, glucocorticoids are considered to be
proinflammatory in the chronically stressed brain [81], where
among other changes they can promote inflammation, oxida-
tive stress, neurodegeneration, andmicroglial activation [82].
For example, repeated restraint stress induces microglial
proliferation and morphological changes, including a hyper-
ramification of their processes in the adult hippocampus
following restraint stress [83], but a nearly complete loss
of processes in the context of social defeat [84]. Prenatal
restraint stress also causes an increase in the basal levels of
TNF𝛼 and IL-1𝛽, while increasing the proportion ofmicroglia
showing a reactive morphology in the adult hippocampus
[85]. Similarly, social defeat leads to an enhanced response
to the inflammatory challenge induced by intraperitoneal
injection of LPS, including an increased production of TNF𝛼
and IL-1𝛽, and expression of inducible NO synthase (iNOS)
by microglia, accompanied by an increased infiltration of
circulating monocytes [84, 86]. Therefore, microglia are a
strong candidate for mediating some of the effects of stress
on adult neurogenesis, as will be discussed below, in synergy
with other types of inflammatory cells.

Chronic stress is well known for its negative effects on
hippocampal neurogenesis (reviewed in [87, 88]), although
not all stress paradigms are equally effective [89]. Several
stress paradigms can decrease neuroprogenitors proliferation
in the tree shrew [90] and inmice [91, 92], although this effect
seems to be compensated by an increased survival of newborn
neurons [92] and whether stress results in a net increase
or decrease in neurogenesis remains controversial (reviewed
in [87, 88]). The effects of stress on adult neurogenesis
seem to be mediated at least partially by glucocorticoids,
because mice lacking a single copy of the GR gene show
behavioural symptoms of depression including learned help-
lessness, neuroendocrine alterations of the HPA axis, and
impaired neurogenesis [93]. In parallel, chronic stress is
associated with an increased inflammatory response, which
may inhibit neurogenesis as well. For instance, serum levels
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of IL-1𝛽 and IL-6 are significantly increased in depressed
patients [94]. In mice, restraint stress leads to a widespread
activation of NF-𝜅B in the hippocampus, including at the
level of neuroprogenitors [95] and increased protein levels of
IL-1𝛽 [96]. In addition to the direct role of glucocorticoids,
IL-1𝛽 also seems to mediate some of the effects of mild
chronic stress, because in vivomanipulations that block IL-1𝛽
(either pharmacologically or in null transgenic mice) prevent
the anhedonic stress response and the antineurogenic effect
of stress [91, 96].Moreover, the corticoids and IL-1𝛽 pathways
may regulate each other in a bidirectional manner because
the administration of a GR antagonist can blunt the LPS-
induced production of hippocampal IL-1𝛽 in stressed mice
[97], whereas mice knockout for the IL-1𝛽 receptor (IL-1R1)
fail to display the characteristic elevation of corticosterone
induced by mild chronic stress [96]. Another stress-related
cytokine, IL-6, induces depressive phenotypes and prevents
the antidepressant actions of fluoxetinewhen administered to
mice in vivo [98]. So far the effects of stress on neurogenesis
via corticosteroids and inflammation have been assumed to
be cell autonomous, as neuroprogenitors express both GR
[99] and IL-1R1 [95]. The potential participation of microglia
is yet to be determined, but there are some reports of a
direct effect of stress on microglial activation. For instance,
microglia acutely isolated frommice subjected to acute stress
(by inescapable tail shock) showed a primed response to LPS
challenge by producing higher levels of IL-1𝛽mRNA ex vivo
[100], and the specific loss of expression of GR in microglia
leads to a blunted inflammatory response in vitro and to a
decreased neuronal damage in vivo in response to LPS [80].
In stress paradigms, these enhanced responses of microglia
to inflammatory challenges are similar to their age-related
“priming” which has been associated with and is possibly
due to an increased basal production of proinflammatory
mediators. However, whether microglia express increased
levels of IL-1𝛽 and other proinflammatory cytokines in
response to stressful events is presently unclear [101]. It is thus
possible that some of the antineurogenic effects of stress are
exerted bymeans of microglial-dependent inflammation, but
this hypothesis remains to be experimentally tested.

5. Inflammation Associated with Aging and
Neurodegenerative Diseases

Inflammation is also commonly associated with normal
aging and neurodegenerative diseases and, therefore, could
represent a putative underlying mechanism that explains
their decrease in hippocampal neurogenesis. Nonetheless,
inflammation is also associated with neurological diseases,
such as epilepsy or stroke, where neurogenesis is thought to
be increased, although the data from rodents and humans is
somewhat conflictive [102]. Neurogenesis is well known to
decline throughout adulthood and normal aging in rodents
and humans [103, 104], but the decay ismore pronounced and
occurs later in life in mice than in humans [105]. The aging-
associated decrease in neurogenesis has been shown to occur
mainly as a consequence of exhaustion of the rNSC popula-
tion which, after being recruited and activated, undergo three

rounds of mitosis in average and then terminally differentiate
into astrocytes [12, 106]. In addition, a reduced mitotic
capacity of the neuroprogenitors could further contribute to
decreasing neurogenesis [106], and moreover, an age-related
increase in the levels of proinflammatory cytokines could
also hinder neurogenesis in the aging brain. Serum levels
of IL-1𝛽, IL-6, and TNF𝛼 are elevated in elderly patients
[107, 108]. Aged microglia express higher levels of these
proinflammatory cytokines and show a greater response to
LPS inflammatory challenge, that is, a “primed” response,
than their younger counterparts [109]. The origin of this
low-grade age-related inflammation (“inflamm-aging” [110])
remains unknown and may be related to both aging and
damage to the surrounding neurons, as well as aging of the
immune system per se.

At the cellular level, stress to the endoplasmic reticulum
(ER) caused by various perturbations, such as nutrient deple-
tion, disturbances in calcium or redox status, or increased
levels of misfolded proteins, can induce a cell-autonomous
inflammatory response to neurons. Stress to the ER, a mul-
tifunctional organelle which is involved in protein folding,
lipid biosynthesis, and calcium storage triggers a homeostatic
response mechanism named the unfolding protein response
(UPR), aiming to clear the unfolded proteins in order to
restore normal ER homeostasis [111]. However, if the ER
stress cannot be resolved, theUPR also initiates inflammatory
and apoptotic pathways via activation of the transcription
factor NF-𝜅B which controls the expression of most proin-
flammatory cytokines [112]. In the brain, ER stress is often
initiated by the formation of abnormal protein aggregates
in several neurodegenerative diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), amyotrophic lateral
sclerosis (ALS), Huntington’s disease (HD), and prion-related
disorders [113]. This neurodegeneration-associated ER stress
is assumed to occur mostly in neurons, but there are
some examples of microglial protein misfolding as well. For
instance, both microglia and neurons overexpress CHOP
(C/EBP homologous protein), a transcription factor which
is activated during ER stress in human patients and mouse
models of ALS [114]. Inflammation has been speculated to
be a main negative contributor to the pathology of ALS
[115], but a direct microglial involvement in mediating the
inflammatory response to abnormal protein aggregation in
ALS and other neurodegenerative conditions remains to be
tested. Finally, ER stress has been linked to a variety of inflam-
matory conditions [116, 117], including chronic stress, diet-
induced obesity, and drug abuse, as well as atherosclerosis
and arthritis [118–120]. During normal aging, a progressive
decline in expression and activity of key ER molecular
chaperones and folding enzymes could also compromise the
adaptive response of the UPR, thereby contributing to the
age-associated decline in cellular functions [118]. Therefore,
aging is strongly associated with a chronic ER stress which
leads to increased activation of NF-𝜅B [112]; however, the
contribution of the different brain cell types to “inflamm-
aging” is still poorly understood. The detrimental effects on
neurogenesis of increased proinflammatory cytokines in the
aging brain are not necessarily related to microglia, but also
to stressed neurons. Furthermore, ER stress may also cause a
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cell-autonomous response in neural stem cells [121], although
its impact on neurogenesis remains to be experimentally
determined.

In addition, aging is accompanied by an increased level
of mitochondrial oxidative stress, which in turn activates
the “Inflammasome” [122], a group of multimeric proteins
comprising the interleukin 1 converting enzyme (ICE, cas-
pase 1) which serves to release the active form of the
cytokine [123]. IL-1𝛽 may act directly on rNSCs (visualised
by labeling with the Sox2 marker), as they express IL-
1R1 in the adult hippocampus [91]. Treatment with IL-1𝛽
decreases hippocampal proliferation in young mice [91] and
pharmacological inhibition of ICE partially restores the num-
ber of newborn neurons in aged mice without significantly
affecting their differentiation rate [124]. Transgenic IL-1𝛽
overexpression results in chronic inflammation and deple-
tion of doublecortin-labeled neuroblasts, thus mimicking
the aging-associated depletion of neurogenesis [125]. The
actual mechanism of action of IL-1𝛽 on neurogenesis in
aged mice, including decreased proliferation of rNSCs/ANPs
and survival of newborn neurons, remains undetermined.
Microglia are a main source of IL-1𝛽 in the aging brain, but
the hypothesis that microglia-derived IL-1𝛽 is responsible
for depleting neurogenesis in the aging brain remains to be
directly tested.

The regulation of neurogenesis by IL-1𝛽 in the aging
brain has been further linked to the activity of another
cytokine, the chemokine fractalkine, or CX3CL1. Fractalkine
has soluble and membrane-tethered forms and is exclu-
sively expressed by neurons, while the fractalkine receptor
(CX3CR1) is expressed in the brain by microglia alone [126].
Thismodule forms a unique neuron-microglia signalling unit
that controls the extent of microglial inflammation in several
neurodegenerative conditions including PD, ALS [127], or
AD [128]. In fact, CX3CR1 blocking antibodies increase
the production of hippocampal IL-1𝛽 when administered
to young adult rats [129]. Importantly, chronic treatment
with fractalkine increases hippocampal proliferation and the
number of neuroblasts in aged (22 months old) but not
young (3 months old) or middle-aged rats (12 months old),
whereas an antagonists of CX3CR1 has the opposite effects
in young, but not in middle-aged nor old rats [129]. Since
fractalkine expression is decreased during aging [129], a
reduced neuron-microglia signalling might be releasing the
brake on microglial contribution to inflammatory responses,
although increased levels of fractalkine were instead reported
in aged rat hippocampus by other studies [68]. Additional
insights into the role of fractalkine signalling come from
knock-in mice in which the endogenous CX3CR1 locus is
replaced by the fluorescent reporter GFP [126]. The initial
studies suggested that CX3CR1GFP/GFP (i.e., CX3CR1−/−)
mice have no significant differences in brain development and
functions [130], but more systematic investigations recently
revealed a long list of hippocampal-dependent changes in
young (3 months old) CX3CR1GFP/GFP and CX3CR1GFP/+
mice compared to wild-type mice. These changes notably
included decreased neuroprogenitors proliferation and neu-
roblasts number, impaired LTP, performance in contextual

fear conditioning and water maze spatial learning and mem-
ory, and, importantly, increased IL-1𝛽 protein levels [131].The
signalling pathway of fractalkine-IL-1𝛽 is functionally rele-
vant, because IL-1R1 antagonists rescued LTP and cognitive
function in CX3CR1GFP/GFP mice [131]. In sum, even though
neuronal fractalkine seems to be sufficient for restraining
the inflammatory activity of microglia in young rats, its
downregulation during aging could activate the microglial
inflammatory response and thereby subsequently reduce the
proliferation of remaining neuroprogenitors.

In AD, inflammatory cytokines such as IL-1𝛽 are over-
expressed in the microglia associated with the amyloid beta
(A𝛽) plaques of postmortem samples [132] and in transgenic
mice modeling the disease [133]. The loss of synapses (from
hippocampus to frontal cortex) is one of the main patho-
logical substrates in this disease, but adult neurogenesis is
also severely reduced in most mouse models of AD, possibly
due to a decreased proliferation of neuroprogenitors and a
decreased survival of newborn cells, even though the putative
changes in the neurogenic cascade in postmortem samples
remain controversial (reviewed in [102]). This lack of agree-
ment is possibly explained by the fact that the vast majority
of AD cases have a late onset over 65 years of age, when little
neurogenesis remains. In contrast, in most transgenic AD
mouse models, the A𝛽 accumulation, cognitive deficits, and
changes in neurogenesis are already detectable in young ani-
mals (2-3 months old). The study of AD is further hindered
by the difficulty in comparing the time course and pathology
across different mouse models. For instance, early treatment
with minocycline can improve cognition and reduce A𝛽
burden in mice expressing the human amyloid precursor
protein (APP) [134]. In contrast, in mice expressing APP and
a mutated form of presenilin 1 (PS1), which is part of the 𝛾
secretase pathway that cleaves A𝛽, inflammation is reduced
without any detectable changes in A𝛽 plaques deposition
[135]. Concomitantly with a decrease in tissue inflamma-
tory cytokines and number of microglial cells, minocycline
restores neurogenesis and hippocampus-dependent memory
deficits in these APP/PS1 mice [135], indirectly suggesting
that cognitive decay in AD may be at least in part related
to a detrimental effect of inflammation on hippocampal
neurogenesis. Direct evidence that neurogenesis is associated
with the cognitive performance in AD is still lacking. Further
research is also necessary to determine the neurogenic targets
of AD-related inflammation. One central open question
for future therapies aiming at increasing neurogenesis and
cognition in AD is whether neuroprogenitors are spared or
whether their age-induced loss becomes accelerated. Rather
than increasing the proliferation and neurogenic output of
the few rNSCs remaining in an old AD brain, it may be more
relevant to develop strategies that prevent the age-related loss
of neuroprogenitors in presymptomatic patients.

In summary, inflammation associated with a wide variety
of experimental models of disease produces strong detri-
mental effects on hippocampal neurogenesis. These effects
on human neurogenesis are however not so well described
and, in vitro, IL-1𝛽 increases the proliferation of hip-
pocampal embryonic neuroprogenitors but decreases their



Neural Plasticity 7

differentiation into neurons [136]. Novel methods to assess
hippocampal neurogenesis in the living human brain, from
metabolomics of neuroprogenitors to hippocampal blood
brain volume (reviewed in [102]), will help to determine the
contribution of inflammation to adult neurogenesis in the
healthy and diseased human brain during aging.

6. Normal Physiological Conditions

In the healthy mature brain, microglia are an essential com-
ponent of the neurogenic SGZ niche, where they physically
intermingle with neuroprogenitors, neuroblasts, and new-
born neurons [62]. Here, surveillant microglia effectively and
rapidly phagocytose the excess of newborn cells undergoing
apoptosis [62]. Importantly, microglial phagocytosis in the
adult SGZ is not disturbed by inflammation associated with
aging or by LPS challenge, as the phagocytic index (i.e.,
the proportion of apoptotic cells completely engulfed by
microglia) is maintained over 90% in these conditions [62].
Nonetheless, the consequences of microglial phagocytosis on
adult hippocampal neurogenesis remain elusive. Treatment of
mice with annexin V, which binds to the phosphatidylserine
(PS) receptor and prevents the recognition of PS on the
surface of apoptotic cells, presumably blocking phagocytosis,
increases the number of apoptotic cells in the SGZ [40]. Con-
comitantly, annexin V reduces neurogenesis by decreasing
the survival of neuroblasts without affecting neuroprogeni-
tors proliferation [40]. Similar results were obtained in trans-
genic mice knock-out for ELMO1, a cytoplasm protein which
promotes the internalization of apoptotic cells, although
the effects on neurogenesis were ascribed to a decreased
phagocytic activity of neuroblasts [40].The actual phagocytic
target of the neuroblasts remains undetermined, but the
newborn apoptotic cells in the adult SGZ are exclusively
phagocytosed by microglia, at least in physiological condi-
tions [62]. Nevertheless, none of the above manipulations
has specifically tested the role of microglial phagocytosis
in hippocampal-dependent learning and memory and thus,
the functional impact of microglial phagocytosis in adult
neurogenic niches during normal physiological conditions
remains to be elucidated.

Microglial phagocytosis of apoptotic cells is actively
anti-inflammatory, at least in vitro, and thus it has been
hypothesized that anti-inflammatory cytokines produced by
phagocytic microglia may further regulate neurogenesis [10].
For instance, transforming growth factor beta (TGF𝛽), which
is produced by phagocytic microglia in vitro [137], inhibits
the proliferation of SGZ neuroprogenitors [138]. Microglia
are further able to produce proneurogenic factors in vitro
[139]. When primed with cytokines associated with T helper
cells such as interleukin 4 (IL-4) or low doses of interferon
gamma (IFN𝛾), culturedmicroglia support neurogenesis and
oligodendrogenesis through decreased production of TNF𝛼
and increased production of insulin-like growth factor 1
(IGF-1) [139], an inducer of neuroprogenitor proliferation
[26]. A list of potential factors produced by microglia
and known to act on neuroprogenitor proliferation can

be found in Table 1. In addition, recent observations sug-
gest that neuroprogenitor cells may not only regulate their
own environment, but also influence microglial functions.
For instance, vascular endothelial growth factor (VEGF)
produced by cultured neuroprecursor cells directly affects
microglial proliferation, migration, and phagocytosis [20].
More potential factors produced by neuroprogenitors shown
to be influencing microglial activity and function can be
found in Table 2. However, it has to be taken into account
that most of these observations were obtained in culture and
that further research is needed in order to elucidate whether
those factors are also secreted and have the same regulatory
responses in vivo.

In addition, microglial capacity to remodel and eliminate
synaptic structures during normal physiological conditions
has suggested that microglia could also control the synap-
tic integration of the newborn neurons generated during
adult hippocampal neurogenesis [140]. Three main mech-
anisms were proposed: (1) the phagocytic elimination of
nonapoptotic axon terminals and dendritic spines, (2) the
proteolytic remodeling of the perisynaptic environment,
and (3) the concomitant structural remodeling of dendritic
spines [7, 140]. Indeed, microglial contacts with synaptic
elements are frequently observed in the cortex during normal
physiological conditions, sometimes accompanied by their
engulfment and phagocytic elimination [141–143], as in the
developing retinogeniculate system [144]. Microglial cells are
distinctively surrounded by pockets of extracellular space,
contrarily to all the other cellular elements [142], suggesting
that microglia could remodel the volume and geometry
of the extracellular space, and thus the concentration of
various ions, neurotransmitters, and signalling molecules
in the synaptic environment. Whether microglia create the
pockets of extracellular space themselves or not remains
unknown, but these pockets could result from microglial
release of extracellular proteases such as metalloproteinases
and cathepsins [145], which are well known for influencing
the formation, structural remodeling, and elimination of
dendritic spines in situ and also experience-dependent plas-
ticity in vivo [7, 146]. More recently, microglial phagocytosis
of synaptic components was also observed in the developing
hippocampus, in the unique time window of synaptogenesis,
a process which is notably regulated by fractalkine-CX3CR1
signalling [147]. Therefore, the attractive hypothesis that
microglial sculpts the circuitry of newborn cells in the adult
hippocampus deserves further attention.

Lastly, microglia were also involved in increasing adult
hippocampal neurogenesis in the enriched environment
(EE) experimental paradigm. EE is a paradigm mimick-
ing some features of the normal living circumstances of
wild animals, as it gives them access to social interactions,
toys, running wheels, and edible treats. EE has long been
known to enhance neurogenesis by acting on newborn
cells survival, resulting ultimately in an enlargement of
the dentate gyrus [148]. Functionally, these changes are
accompanied by enhanced spatial learning and memory
formation with the water maze paradigm [149]. Similar
increases in neurogenesis are obtained by subjecting mice
to voluntary running paradigms, although in this case the
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Table 1: Summary of factors secreted by microglia and the potential effect they have on neuroprogenitors in vitro.

Microglia secreted factors Reference Modulation of neural progenitor cells Reference
BDNF [18] Differentiation [19]
EGF [20] Survival, expansion, proliferation, differentiation [21]
FGF𝛽 [22] Survival and expansion [23]
GDNF [24] Survival, migration, and differentiation [25]
IGF-1 [21] Proliferation [26]
IL-1𝛽 [27] Reduction in migration [27]
IL-6 [28] Inhibition of neurogenesis [29]
IL-7 [20] Differentiation [30]
IL-11 [20] Differentiation [30]
NT-4 [24] Differentiation [31]
PDGF [32] Expansion and differentiation [33]
TGF𝛽 [34] Inhibition of proliferation [19]

Table 2: Summary of factors secreted by neuroprogenitors and the potential effect they have on microglia in vitro.

NPC secreted factors Reference Modulation of microglia Reference
BDNF [18] Proliferation and induction of phagocytic activity [35]
Haptoglobin [24] Neuroprotection [36]
IL-1𝛽 [37] Intracellular Ca+2 elevation and proliferation [22]
IL-6 [37] Increase in proliferation [38]
M-CSF [20] Mitogen [39]
NGF [40] Decrease in LPS-induced NO [41]
TGF𝛽 [37] Inhibition of TNF𝛼 secretion [42]
TNF𝛼 [37] Upregulation of IL-10 secretion [43]
VEGF [20] Induction of chemotaxis and proliferation [20]

effect is mediated by increased neuroprogenitor proliferation
[150]. During inflammatory conditions, EE is antiapoptotic
and neuroprotective [151] and it limits the hippocampal
response to LPS challenge by decreasing the expression of
several cytokines and chemokines, including IL1-𝛽 andTNF𝛼
[152]. In fact, EE is believed to counteract the inflammatory
environment and rescue the decreased number of neuroblasts
in CX3CR1GFP/GFP mice compared to wild-type mice [153].
The effects of EE are independent of the IL-1𝛽 signalling
pathway, as it increases neurogenesis in mice that are null
for IL-1R1 [154]. EE also induces microglial proliferation and
expression of the proneurogenic IGF-1 [155], but the full
phenotype of microglia in EE compared to standard housing
and its impact on the neurogenic cascade remains to be
determined.

The mechanisms behind the anti-inflammatory actions
of EE are unknown, but they were suggested to involve
microglial interactions with T lymphocytes through an
increased expression of themajor histocompatibility complex
of class II (MHC-II) during EE [155]. MHC-II is responsible
for presenting the phagocytosed and degraded antigens to
the antibodies expressed on the surface of a subtype of
T lymphocytes (T helper or CD4+ cells), thus initiating
their activation and production of antigen-specific antibod-
ies. Severe combined immunodeficient (SCID) mice lacking
either T and B lymphocytes or nude mice lacking only T
cells have impaired proliferation and neurogenesis in normal

and EE housing compared to wild-type mice [155], as well
as impaired performance in the water maze [156]. Similarly,
antibody-based depletion of T helper lymphocytes impairs
basal and exercise-induced proliferation and neurogenesis
[157]. Furthermore, a genetic study in heterogeneous stock
mice, which descend from eight inbred progenitor strains,
has found a significant positive correlation between genetic
loci associated to hippocampal proliferation and to the
proportion of CD4+ cells among blood CD3+ lymphocytes
[158]. Additional experiments are needed to fully determine
the possible interactions between microglia and T cells
in neurogenesis, because, at least in normal physiological
conditions, (1) T cell surveillance of the brain parenchyma
is minimal, (2) microglia are poor antigen presenting cells,
and (3) antigen presentation by means of MHC-II family of
molecules is thought to occur outside the brain, that is, in the
meninges and choroid plexus [159]. In fact, during voluntary
exercise, there are no significant changes in T cell surveillance
of the hippocampus, nor a direct interaction between T cells
and microglia, nor any changes in the gene expression profile
of microglia, including that of IGF-1, IL-1𝛽, and TNF𝛼 [160].
The number of microglia is also inversely correlated with
the number of hippocampal proliferating cells, rNSCs, and
neuroblasts in aged (8 months) mice subjected to voluntary
running, as well as in vitro cocultures of microglia and
neuroprogenitors, which has been interpreted as resulting
from an overall inhibitory effect of microglia on adult
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neurogenesis [161]. Even though EE is clearly a more com-
plex environmental factor than voluntary running, further
research is necessary to disregard nonspecific or indirect
effects of genetic or antibody-based T cells depletion on
microglia and other brain cell populations, including rNSCs.
For instance, adoptive transfer of T helper cells treated with
glatiramer acetate, a synthetic analog of myelin basic protein
(MBP) approved for the treatment of multiple sclerosis, pro-
duces a bystander effect on resident astrocytes and microglia
by increasing their expression of anti-inflammatory cytokines
such as TGF𝛽 [162]. Alternatively, it has been suggested that
T cells may mediate an indirect effect on adult hippocampal
neurogenesis by increasing the production of brain-derived
neurotrophic factor (BDNF) [157], which is involved in the
proneurogenic actions of EE [163]. Whether BDNF can
counteract the detrimental effects of T cell depletion on neu-
rogenesis remains unknown.Overall, the roles ofmicroglia in
EE and running-induced neurogenesis are unclear and have
to be addressed with more precise experimental designs. In
summary, surveillant microglia are part of the physical niche
surrounding the neural stem cells and newborn neurons of
the mature hippocampus, where they continuously phagocy-
tose the excess of newborn cells.Microglia were also linked to
the proneurogenic and anti-inflammatory effects of voluntary
running and EE, but direct evidence is missing. The overall
contribution of microglia to neurogenesis and learning and
memory in normal physiological conditions remains largely
unexplored at this early stage in the field.

7. Conclusion

In light of these observations, microglia are now emerging
as important effector cells during normal brain development
and functions, including adult hippocampal neurogenesis.
Microglia can exert a positive or negative influence on
the proliferation, survival, or differentiation of newborn
cells, depending on the inflammatory context. For instance,
microglia can compromise the neurogenic cascade during
chronic stress, aging, and neurodegenerative diseases, by
their release of proinflammatory cytokines such as IL-1𝛽,
IL-6, and TNF𝛼. A reduced fractalkine signalling between
neurons and microglia could also be involved during normal
aging. However, microglia are not necessarily the only cell
type implicated because astrocytes, endothelial cells, mast
cells, perivascular and meningeal macrophages, and to a
lesser extent neurons and invading peripheral immune cells
could further contribute by releasing proinflammatorymedi-
ators.

Additionally, microglia were shown to phagocytose the
excess of newborn neurons undergoing apoptosis in the
hippocampal neurogenic niche during normal physiological
conditions, while a similar role in the synaptic integration
of newborn cells was also proposed in light of their capacity
to phagocytose synaptic elements. Lastly, microglial interac-
tions with T cells, leading to the release of anti-inflammatory
cytokines, neurotrophic factors, and other proneurogenic
mediators (notably during EE and voluntary running), could
counteract the detrimental effects of inflammation on adult

hippocampal neurogenesis and their functional implications
for learning and memory.

However, further research is necessary to assess the rela-
tive contribution of microglia versus other types of resident
and infiltrating inflammatory cells and to determine the
nature of the effector cytokines and other inflammatory
mediators involved, as well as their cellular andmolecular tar-
gets in the neurogenic cascade. Such research will undoubt-
edly help to develop novel strategies aiming at protecting the
neurogenic potential and ultimately its essential contribution
to learning and memory.
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to Marie-Ève Tremblay.

References

[1] P. Rezaie and D. Male, “Mesoglia and microglia—a historical
review of the concept of mononuclear phagocytes within the
central nervous system,” Journal of the History of the Neuro-
sciences, vol. 11, no. 4, pp. 325–374, 2002.

[2] F. Ginhoux, S. Lim, G. Hoeffel, D. Low, and T. Huber, “Origin
and differentiation of microglia,” Frontiers in Cellular Neuro-
science, vol. 7, article 45, 2013.

[3] E. Gomez Perdiguero, C. Schulz, and F. Geissmann, “Develop-
ment and homeostasis of “resident”myeloid cells: the case of the
microglia,” GLIA, vol. 61, no. 1, pp. 112–120, 2013.

[4] H. Kettenmann, F. Kirchhoff, and A. Verkhratsky, “Microglia:
new roles for the synaptic stripper,” Neuron, vol. 77, no. 1, pp.
10–18, 2013.

[5] A. Aguzzi, B. A. Barres, and M. L. Bennett, “Microglia: scape-
goat, saboteur, or something else?” Science, vol. 339, no. 6116, pp.
156–161, 2013.

[6] K. Helmut, U. K. Hanisch, M. Noda, and A. Verkhratsky,
“Physiology of microglia,” Physiological Reviews, vol. 91, no. 2,
pp. 461–553, 2011.
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Selective serotonin reuptake inhibitor medications are one of the most common treatments for mood disorders. In humans,
these medications are taken orally, usually once per day. Unfortunately, administration of antidepressant medications in rodent
models is often through injection, oral gavage, or minipump implant, all relatively stressful procedures. The aim of the present
study was to investigate how administration of the commonly used SSRI, fluoxetine, via a wafer cookie, compares to fluoxetine
administration using an osmotic minipump, with regards to serum drug levels and hippocampal plasticity. For this experiment,
adult female Sprague-Dawley rats were divided over the two administration methods: (1) cookie and (2) osmotic minipump and
three fluoxetine treatment doses: 0, 5, or 10mg/kg/day. Results show that a fluoxetine dose of 5mg/kg/day, but not 10mg/kg/day,
results in comparable serum levels of fluoxetine and its active metabolite norfluoxetine between the two administration methods.
Furthermore, minipump administration of fluoxetine resulted in higher levels of cell proliferation in the granule cell layer (GCL) at
a 5mg dose compared to a 10mg dose. Synaptophysin expression in the GCL, but not CA3, was significantly lower after fluoxetine
treatment, regardless of administration method. These data suggest that the administration method and dose of fluoxetine can
differentially affect hippocampal plasticity in the adult female rat.

1. Introduction

Plasticity in the hippocampus has long been implicated in
the etiology of mood disorders and regulation of stress
[1–3]. Recent work has also suggested that the actions
of antidepressant medications, such as selective serotonin
reuptake inhibitors (SSRIs), on hippocampal plasticity may
play an important role in alleviating symptoms of depression
[4–6]. Serotonin, itself, is an important neurotransmitter
involved in regulating the rate of hippocampal neurogenesis
during adulthood, with lower levels of serotonin reducing
the number of newly formed neurons in the hippocampus
and elevated levels of serotonin increasing the rate of cell
proliferation [7–11]. More importantly, increased serotonin

levels, following SSRI treatment, significantly upregulate
adult hippocampal neurogenesis [7, 12–14] and it has been
suggested that the actions of SSRI medications on hip-
pocampal plasticity (morphology and neurogenesis) may be
important for alleviating the effects of stress on affect-related
behaviours [4, 12, 15, 16].

Although there has been a substantial amount of work
investigating the effects of SSRI medications on plasticity
in the hippocampus and their role in treating depressive-
like behavior, very little work has taken into account the
effects of these medications on hippocampal plasticity in
the adult female [17]. With women being 2-3 times more
likely to suffer from depression, it is important to include
females in research related to depression [18, 19]. Recent work
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focusing on females has shown that chronic administration of
imipramine, a tricyclic antidepressant, to intact female rats
exhibiting depressive-like behavior increases cell prolifera-
tion in the dentate gyrus [20]. However, others have shown
that administration of fluoxetine, a popular SSRI, has no
effect on cell proliferation or neurogenesis in the hippocam-
pus of adult female rats [21, 22], but it does trigger spine
formation in the hippocampus of the adult female rats [23].

More work is also needed to better mimic the clinical
administration method of SSRIs. In humans, SSRIs are taken
orally, usually one time per day. Unfortunately, the typical
administration of antidepressantmedications in rodentmod-
els of depression is invasive and stressful, with administra-
tion being done most often via injection, oral gavage, or
minipump implant [24, 25]. Administration method alone
affects the metabolism and effects of the medication [26, 27].
Interestingly, recent research in animal models investigating
effects of environmental teratogens on development [28] has
demonstrated that administration of a solution injected in a
wafer cookie may be as effective as injecting a solution into
the animal and thus would reduce the stress of the animal,
particularly for long-term daily treatment (greater than 4
weeks). However, it remains to be determined whether this
method of drug administration is effective for SSRIs and is
comparable to other methods of antidepressant administra-
tion that are commonly used.

The aim of this project was to understand the role of
fluoxetine treatment in hippocampal plasticity in the adult
female rat, using two methods of SSRI administration. More
specifically the proposed study aims to (1) determine the
blood concentration levels of fluoxetine and its primary
metabolite, norfluoxetine, in response to two administration
types, cookie and minipump, at three fluoxetine doses (0, 5,
and 10mg/kg/day) and (2) determine the effect of these forms
of fluoxetine administration on neural and synaptophysin
expression in hippocampus. This study will provide impor-
tant information toward the goal of generating a new and
reliable method of antidepressant administration that elim-
inates the need for surgery, lowers the stress to the animal,
can be readily applied to animal models, provides accurate
drug levels, and most closely models antidepressant admin-
istration in humans. This work will result in a more accu-
rate understanding of the neurobiological and physiological
impact of SSRIs in preclinical models, ultimately improving
our understanding of how to treatmooddisorders in humans.

2. Material and Methods

2.1. Animals. Thirty-six intact adult female Sprague-Dawley
rats (250–300 g; Charles River Laboratories, France) were
used in the present study. Rats were kept under standard
laboratory conditions in a 12 h:12 h light/dark schedule (lights
on at 07:00 h), initially housed in pairs in clear polyurethane
bins (48 cm × 27 cm × 20 cm) with ad libitum access to
rat chow (Sniff) and tap water. Females were randomly
divided into two conditions (cookie orminipump) with three
dose options: (1) fluoxetine (10mg/kg/day), (2) fluoxetine
(5mg/kg/day), and (3) vehicle (0mg/kg/day), for a total of

6 groups. Females were weighed weekly and individually
housed with standard enrichment once treatment began. All
experiments were approved by the Animal Ethics Board of
Maastricht University in accordance with Dutch governmen-
tal regulations (DEC 2010-146). All efforts weremade tomin-
imize the pain and stress levels experienced by the animals.

2.2. Fluoxetine Administration

2.2.1. Cookie Treatment. On days 1-2, females in the cookie
treatment groups were trained for oral ingestion of the
medication treatment. For training, females were fed 1/9th of
a vanilla wafer cookie (Crousti fondante, Delacre, Belgium),
filled with saline [29]. After cookie training, females in
the cookie groups were fed a cookie filled with fluoxetine
(Fagron, Belgium: 5mg/kg or 10mg/kg) dissolved in vehicle
(25% propylenediol in saline) or vehicle solution once per day
between 8:00 and 9:00 am After cookie feeding females were
monitored to ensure that cookies were eaten. Cookies were
consistently eaten by all females. Females were treated with
fluoxetine or vehicle for 14 days.

2.2.2. Minipump Treatment. Females in the minipump
treatment group were administered fluoxetine or vehicle
via osmotic minipumps (Alzet Osmotic pumps, 2ML2,
Charles River, The Netherlands) for 2 weeks. Minipump
implants were filled with either fluoxetine (Fagron, Bel-
gium: 5mg/kg/day or 10mg/kg/day) dissolved in vehicle
(25% propylenediol in saline) or with vehicle as previ-
ously described [22, 30–33]. Minipumps were implanted
subcutaneously in the dorsal region, while females were
under mild isoflurane anesthesia. The weight of a full 2ML2
minipump was approximately 7.5 g. Thirty minutes prior to
the minipump implant, the NSAID carprofen (dose: 2.5–
5mg/kg) was given subcutaneously for pain. Implantation
took a maximum of 20 minutes.

2.3. Glucose Levels. At sacrifice, glucose levels were taken
from trunk blood (mg/dL). The first drop of blood was
removed; the second drop was placed on a test strip (GLU-
COCARD X-SENSOR test strips) for immediate glucose
measurement with a hand-held glucose meter (GLUCO-
CARD TMX-meter, A. Menarini Diagnostics, Benelux, N.V.,
Valkenswaard, The Netherlands).

2.4. BloodCollection. Todetermine serum levels of fluoxetine
and its active metabolite, norfluoxetine, blood collection, via
the tail vein, from females treated with fluoxetine was taken
twice on days 6 and 10 between 8-9 am, after cookie feeding,
and 2–4 pm. Blood from vehicle-treated females was taken on
day 6 between 8-9 am only. At decapitation, trunk blood was
also taken from all animals between 1–3 pm. Blood samples
were stored at 4∘C overnight and centrifuged at 10,000 g for
10 minutes. Serum was collected and stored at −80∘C until
analysis.

2.5. Estradiol Levels. To investigate whether estradiol levels
affected measures of cell proliferation, 17𝛽-estradiol (E2) was



Neural Plasticity 3

measured in a subset of animals that were randomly selected
(18 in total). All samples were run in duplicate using commer-
cially available 17𝛽-oestradiol (E2) I125 radioimmunoassay
(RIA) kits fromMPBiomedicals (MPBiomedicals, Belgium).
The average intracoefficient of variation for the assay is 2.75%
for the E2 assay. The lowest detection limit for E2 was
1.4 pg/mL.

2.6. Fluoxetine and Norfluoxetine Determination. Drug con-
centrations were determined from serum using liquid chro-
matography coupled with mass spectrometry (LC-Chip-
MS/MS) that was used as previously described [22, 33, 34].
Briefly, the chromatographic separation was achieved on
a 1200 series LC-chip system (Agilent Technologies, Ger-
many) using an ultrahigh capacity chip including a 500 nL
trapping column and a 150mm × 75 𝜇m analytical column,
both packed with a Zorbax 80SB 5 𝜇m C18 phase (Agilent
Technologies). The mobile phase was composed of H

2
O/FA

(100 : 0.1, v/v) (A) and ACN/H
2
O/FA (90 : 10 : 0.1, v/v/v) (B)

and used in gradient elution mode. Mass spectrometric
detection was performed using a 6340 ion trap equippedwith
a nanoelectrospray ionization source operating in positive
mode (Agilent Technologies, Waldbronn). Finally, an Oasis
𝜇Elution MCX 96-well plate (Waters, UK) was used to
prepare the samples for the analysis. All conditions were
performed in duplicate and back-calculated using a calibra-
tion curve. Fluoxetine and norfluoxetine levels were averaged
across days to provide one morning and one afternoon value.

2.7. Histology. All histological procedures were based on
previous work [35, 36]. Fourteen days after treatment,
females were deeply anesthetized with sodium pentobarbi-
tal, weighed, and rapidly decapitated. Following extraction,
the right hemisphere of the brains was stored at 4∘C in
4% paraformaldehyde for 24 h, then cryoprotected in 30%
sucrose/phosphate-buffered saline solution for up to one
week, frozen on dry ice, and kept at −80∘C. The left hemi-
sphere was stored and not used in the present investigation.
Brain tissue was sliced in 40𝜇m sections on a cryostat
(Leica). Tissue was stored in brain antifreeze solution and
maintained at −15∘C until use. The level of cell proliferation
in the granule cell layer and subgranular zone (GCL/SGZ) of
the hippocampus was assessed using an endogenous marker
for cell proliferation, Ki67. Every 6th section throughout
the right hippocampi was stained as previously described
[35, 37]. Sections were blocked with H

2
O
2
and incubated

overnight in rabbit anti-Ki67 (1:500; Vector Laboratories) or
blocked with H

2
O
2
and NGS and incubated overnight in

mouse antisynaptophysin (1:500; Sigma Aldrich). Sections
were then incubated for 2 h in biotinylated donkey anti-rabbit
(1:500; Jackson Immunoresearch Laboratories, West Grove,
PA) or biotinylated goat anti-mouse (1:200 Vector BA-9200)
secondary antibody. Brain sections were further processed by
using the avidin-biotin complex (ABCElite kit; 1:1000; Vector
laboratories, USA). DAB (3,3-diaminobenzidine) Peroxidase
Substrate Kit (SK-4100, Vector Laboratories) was used as a
substrate to obtain a color reaction. Sections were mounted
on gelatin-coated slides and dried overnight, dehydrated,

stained with cresyl violet (Ki67-ir only), and coverslipped
with PermountTM (Fisher Scientific, USA).

2.7.1. Ki67 Quantification. The number of Ki67 immunore-
active (-ir) cells in granule cell layer/subgranular zone
(GCL/SGZ) was counted under 40x objective using a Nikon
Microphot SA microscope. Cells were considered Ki67-ir if
they were intensely stained and exhibited medium round
or oval nuclear bodies. Ki67-ir cells were counted on half
of every 6th section throughout the entire hippocampus.
For representative Ki67-ir cells in the GCL/SGZ of the
hippocampus, see Figure 1.

2.7.2. Synaptophysin Quantification. Three dorsal sections of
the hippocampus, located between stereotaxic coordinates
bregma −2.64mm to −4.92mm [38], were analysed per
animal for synaptophysin-immunoreactivity by an observer
blind to conditions. Photomicrographs were taken for two
areaswithin theCA3 andGCL/SGZof the hippocampus from
each of the three sections (e.g., see Figure 1) for a total of 6
photomicrographs per area. Immunoreactivity was examined
under 40x objective using a Nikon Microphot SA and Nikon
DS-Qi1MC camera with Nikon NIS Elements F4.00 software.
The software ImageJ64 (Wayne Rasband, NIH, Bethesda,
MD, USA) was used for quantification of optical densities of
synaptophysin.The relative optical density was defined as the
difference between optical density (grey level) measures after
calibration within the area of interest and in an equivalent
adjacent area (background). For representative photomicro-
graphs of synaptophysin density, see Figure 1.

2.8. Statistical Analysis. The fluoxetine and norfluoxetine
levels were analyzed using repeated-measures analysis of
variance tests (ANOVA) with administration type (cookie
versus minipump) and dose (0, 5, or 10mg/kg) as the
between-subjects factors. Repeated measure ANOVAs were
also used to assess synaptophysin density in the CA3 and
GCL/SGZ. ANOVAs were conducted on the total number of
Ki67 cells in theGCL, the percent change in Ki67-ir cells from
controls, body weight, and glucose levels with administration
type (cookie versus minipump) and dose (0, 5, or 10mg/kg)
as the between-subjects factors. Any effects of estradiol on the
number of Ki67-ir and synaptophysin-ir cells were controlled
for. Post hoc comparisons utilized the Fisher’s LSDprocedure.
Statistical significance was set at 𝑃 ≤ 0.05.

3. Results

3.1. Fluoxetine and Norfluoxetine Levels. For serum fluoxe-
tine and norfluoxetine levels there was a significant interac-
tion between administration type (cookie, minipump) and
dose (5mg/kg/day, 10mg/kg/day) (fluox: 𝐹(1, 20) = 7.95,
𝑃 = 0.012, norfluox: 𝐹(1, 20) = 21.16, 𝑃 = 0.0002) with
significantly higher serum levels of fluoxetine/norfluoxetine
in the animals receiving 10mg/kg/day of fluoxetine via
minipump (0.000001 < 𝑃 < 0.0005; Figure 2). There
was also a main effect of time (fluox: 𝐹(1, 20) = 57.70,
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Figure 1: (a) Photomicrograph representing Ki67 immunoreactive cells in the dentate gyrus. (b) Drawing of hippocampal areas selected
for quantification of synaptophysin expression and (c) a photomicrograph representing synaptophysin immunohistochemistry in the
hippocampus (40x). Scale bar = 10𝜇m.

𝑃 = 0.000001, norfluox: 𝐹(1, 20) = 7.14, 𝑃 = 0.015) with
morning levels of fluoxetine/norfluoxetine being significantly
lower than afternoon levels. There was a main effect of
administration method with minipump administration of
fluoxetine resulting in significantly higher serum levels of
fluoxetine/norfluoxetine compared to cookie administration
(fluox: 𝐹(1, 20) = 14.68, 𝑃 = 0.001, norfluox: 𝐹(1, 20) =
43.46, 𝑃 = 0.000001). There was also a significant main
effect of dose on norfluoxetine levels (𝐹(1, 20) = 22.98, 𝑃 =
0.00011).

At sacrifice, serum from trunk blood revealed signifi-
cantly higher levels of fluoxetine/norfluoxetine in the ani-
mals receiving 10mg/kg/day of fluoxetine via minipump
(0.00001 < 𝑃 < 0.03; interaction effect fluox: 𝐹(1, 20) = 4.52,
𝑃 = 0.046, norfluox: 𝐹(1, 20) = 14.06, 𝑃 = 0.0013, Figure 2).
There were also main effects of dose (fluox: 𝐹(1, 20) = 8.29,
𝑃 = 0.0093, norfluox: 𝐹(1, 20) = 19.84, 𝑃 = 0.00024) and
a main effect of administration type (norfluox: 𝐹(1, 20) =
10.44, 𝑃 = 0.0042) on drug levels in trunk blood at sacrifice.
There were no other main or interaction effects (0.24 < 𝑃 <
0.91).

As expected, vehicle-treated animals did not have
detectable serum levels of fluoxetine or norfluoxetine.

3.2. Ki67-ir Cells. Minipump animals receiving the
5mg/kg/day dose of fluoxetine had significantly more
Ki67-ir cells in the GCL compared to minipump animals
receiving the 10mg/kg/day dose, when looking at overall
change from baseline (controls) (𝐹(1, 9) = 9.64, 𝑃 = 0.013;
𝑛 = 5/group). There were no other significant effects of
fluoxetine dose or administration type on total number of
Ki67-ir cells in the GCL/SGZ (0.3 < 𝑃 < 0.7; Figure 3). There
was also no effect of estradiol levels on number of Ki67-ir
cells in the GCL/SGZ (𝑃 = 0.98).

3.3. Synaptophysin Density. Synaptophysin density in the
GCL/SGZ was significantly greater in vehicle-treated ani-
mals, regardless of administration method (0.000001 < 𝑃 <
0.03, Figure 4; region (CA3, GCL) by dose interaction for
synaptophysin density: 𝐹(2, 30) = 8.48, 𝑃 = 0.0012).
Synaptophysin density was also significantly greater in the
GCL/SGZ than in the CA3 (main effect of region: 𝐹(1, 30) =
40.35,𝑃 = 0.000001).There were no other significantmain or
interaction effects between groups in synaptophysin density
and no effect of estradiol levels on synaptophysin density
(0.15 < 𝑃 < 0.99; Table 1).
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Figure 2: Mean (±SEM) serum levels of fluoxetine (a, c) and norfluoxetine (b, d) (ng/mL). (a, b)There were significantly higher serum levels
of fluoxetine/norfluoxetine in the animals receiving 10mg/kg/day of fluoxetine via minipump. Serum levels were significantly lower in the
morning and were significantly higher in the minipump group (0.000001 < 𝑃 < 0.015). (c, d) At sacrifice, serum from trunk blood revealed
significantly higher levels of fluoxetine/norfluoxetine in the animals receiving 10mg/kg/day of fluoxetine viaminipump (0.00001 < 𝑃 < 0.03).
(𝑛 = 6/group). ∗∗ denotes 10mg significantly different from all other groups.

Table 1: Mean (±SEM) synaptophysin expression in the CA3 region
of the hippocampus (optical density) (𝑛 = 6/group).

Fluoxetine dose/day Cookie treatment Pump treatment
0mg/kg 0.1129 ± 0.009 0.0798 ± 0.017

5mg/kg 0.1100 ± 0.019 0.0875 ± 0.014

10mg/kg 0.0994 ± 0.019 0.0996 ± 0.024

3.4. Glucose Levels. As expected, animals fed with the cookie
had significantly elevated blood glucose levels compared
to animals with minipump implants (𝐹(1, 30) = 8.0435,
𝑃 = 0.008; Table 2); however, these levels were still within
the physiological range. There were no other significant
differences between groups (𝑃 < 0.82).

Table 2: Mean (±SEM) blood glucose levels at sacrifice (mg/dL). As
expected, animals fed with cookies had significantly elevated blood
glucose levels compared to animals with minipump implants (𝑃 =
0.008, 𝑛 = 6/group).

Fluoxetine dose/day Cookie treatment Pump treatment
0mg/kg 12.53 ± 1.80 9.27 ± 0.52

5mg/kg 11.28 ± 1.46 9.25 ± 0.59

10mg/kg 12.92 ± 1.94 9.22 ± 0.60

3.5. Body Weight. For body weight measurements there was
no significant main effect of administration type or dose on
overall change in weight (0.29 < 𝑃 < 0.58).
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Figure 4:Mean (±SEM) synaptophysin expression in the GCL/SGZ
of the hippocampus. Synaptophysin density was significantly greater
in vehicle-treated animals, regardless of administration method
(0.000001 < 𝑃 < 0.03). (𝑛 = 6/group). ∗ denotes 0mg significantly
different from 5mg and 10mg.

4. Discussion

Findings of the present study show that two weeks of
fluoxetine treatment results in a significant decrease in synap-
tophysin expression in the dentate gyrus, but not the CA3
region, of adult female rats. In turn, we found that admin-
istration method (cookie versus minipump) and fluoxetine
dose differentially affected hippocampal cell proliferation,
with only females receiving the 5mg/kg dose via a minipump
having increased cell proliferation in the GCL compared
to females receiving the 10mg/kg dose via a minipump.
Furthermore, administration method differentially affected
circulating levels of fluoxetine and its active metabolite,
norfluoxetine, with the greatest levels of fluoxetine being
evident at a 10mg/kg dose administered via minipump.

4.1. Fluoxetine Effects Synaptophysin Expression in the Dentate
Gyrus. In the present study, fluoxetine treatment signif-
icantly decreased synaptophysin expressionin the dentate
gyrus and had no effect on synaptophysin expressionin the
CA3 region of the hippocampus. To our knowledge there is
no previous research on the effects of fluoxetine treatment
on synaptophysin expression in adult female rats. However,
previous research in adult male rats has shown that 7 days
of fluoxetine treatment significantly increases synaptophysin
mRNA levels in the granule cell layer of the hippocampus
[39]; however, they did not measure protein levels. Work
in hippocampal cell culture, under toxic conditions, and
in male Ts65Dn mice (model of Down Syndrome) also
shows that fluoxetine can rescue or improve synaptophysin
expression [40, 41]. In addition, the decrease in synapto-
physin expression in the dentate gyrus of female rats with
fluoxetine administration is perhaps counterintuitive given
the general idea that SSRI medication enhances hippocampal
neurogenesis [6, 42]. However, it is well documented inmales
only that SSRI medications increase hippocampal plasticity
and alleviate depressive-like behaviors [43], suggesting a
significant role of estradiol and progesterone on the effects
of SSRI medications in adult females. Further neurochemical
and behavioural data are needed to fully understand the
functional significance of SSRIs on hippocampal plasticity in
the adult female.

In the present study we did not find a significant effect of
fluoxetine treatment of synaptophysin expression in the CA3
region of the hippocampus. Previous work has shown that
fluoxetine administration (5mg/kg) significantly increases
pyramidal spine formation in both the CA1 and CA3 regions
of the hippocampus of adult female rats [23], with effects
in the CA1 region being evident after 5 days of fluoxetine
administration and effects in the CA3 region being evident
after 2 weeks of fluoxetine administration [23]. However,
previous work in adult male rats shows no effect of fluoxetine
treatment (10mg/kg) on synaptophysin mRNA density [39].
Discrepancies between the present study and the previous
work in females may be due to methodological techniques
as Hajszan et al. [23] administered fluoxetine via intraperi-
toneal injections and used electron microscopy to quantify
spine densities, whereas, in the present study, fluoxetine
was administered via a cookie or minipump and synapto-
physin immunohistochemistry was measured. Furthermore,
Hajszan et al. [23] used ovariectomized female rats whereas
female rats in the present study were cycling. Estradiol
alone is known to have marked effects on spine density,
particularly in the CA1 region of the hippocampus [44–47],
and has been shown to increase serotonin metabolite levels
in the CA3 region of the hippocampus [48]. In addition,
estradiol has been shown to upregulate serotonin synthesis
in the dorsal raphe in a similar manner to fluoxetine [49].
Recent work suggests that the effects of fluoxetine on spine
density in adult female rats are only evident in ovariectomized
females and when the endogenous actions of estradiol on
hippocampal spine density are disturbed [50]. Thus, there
are likely marked interactions between circulating estradiol
levels and the effects of fluoxetine on spine density in the
hippocampal formation.
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4.2. Fluoxetine Dose and Administration Effect on Cell Prolif-
eration. In the present study, we found effects of fluoxetine
on hippocampal cell proliferation only after administration
of fluoxetine via minipump. Here we show that after 2 weeks
of minipump administration females receiving the 5mg/kg
dose of fluoxetine had significantly more proliferating cells
in the GCL compared to females receiving the 10mg/kg
via minipump. This work shows that fluoxetine levels can
differentially affect cell proliferation in the adult female
rat. These findings also replicate previous work showing
that fluoxetine (5mg/kg) has no effect on cell proliferation
in the hippocampus of adult female rats when compared
to controls [21, 22]. Interestingly, previous work in adult
male rats shows that 2 weeks of fluoxetine administration
(7mg/kg) via minipump, as in the present study, increases
hippocampal cell proliferation [26].This work and a previous
one [21] point to marked sex differences in the effect of
fluoxetine on hippocampal plasticity. Sex/gender must be
taken into consideration when investigating neurobiological
effects of SSRI medications, particularly as these medications
are more often used to treat depression in women [19].
Apart from sex/gender, exposure to stress and changes in
circulating corticosterone levels also play an important role
in the effects of fluoxetine on hippocampal neurogenesis [22,
26]. For example, previous work shows the effect of fluoxetine
treatment on hippocampal neurogenesis in the adult female
is markedly increased in females exposed to stress [22].

4.3. Effects of Administration Method on Fluoxetine. In the
present study fluoxetine administrationmethod differentially
affected measures of hippocampal plasticity and also serum
fluoxetine and norfluoxetine levels. Here we show that serum
fluoxetine and norfluoxetine levels, in a dose of 5mg/kg, do
not markedly differ between cookie and minipump adminis-
tration. However, serum fluoxetine and norfluoxetine levels,
after a fluoxetine dose of 10mg/kg, were significantly elevated
in animals treated with a minipump.This difference between
administration methods in serum levels of fluoxetine at a
higher dose is likely due to metabolism of fluoxetine by
cytochrome P450 enzymes in the liver after oral (cookie)
administration [51], thus leading to lower circulating levels
of fluoxetine and norfluoxetine. In higher doses it may be
advantageous to administer fluoxetine twice a day in a cookie
in order to increase the circulating levels of fluoxetine and
norfluoxetine. We have recently used a twice-a-day cookie
administration method (total fluoxetine dose 10mg/kg) dur-
ing the postpartum period and shown significant effects on
offspring development [33]. Others have also shown that
voluntary fluoxetine administration in a cookie dough ball
is an effective and noninvasive technique to chronically
administer this, and potentially other, medication [52]. Thus,
voluntary SSRI medication administration is possible and
may be a valuable way to further understand how these
medications affect neurobiological processes.

5. Conclusions

The present study investigated the effect of fluoxetine, a
common SSRI antidepressant medication, on hippocampal

plasticity in the adult female rat. Main findings show that two
weeks of fluoxetine treatment results in a significant decrease
in synaptophysin expression in the dentate gyrus, but not
the CA3 region, of the hippocampus. In turn, administration
method (cookie versus minipump) and fluoxetine dose (5mg
versus 10mg) differentially affected hippocampal cell prolifer-
ation in the GCL, with the females receiving the 5mg/kg dose
of fluoxetine via minipump having significantly more prolif-
erating cells compared to females receiving the 10mg/kg via
minipump (when investigating overall change frombaseline).
Furthermore, administration method differentially affected
circulating levels of fluoxetine and its active metabolite,
norfluoxetine, with the greatest levels of fluoxetine being
evident with a 10mg/kg dose given via minipump.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] B. S. McEwen, “Central effects of stress hormones in health and
disease: understanding the protective and damaging effects of
stress and stress mediators,” European Journal of Pharmacology,
vol. 583, no. 2-3, pp. 174–185, 2008.

[2] N. A. DeCarolis and A. J. Eisch, “Hippocampal neurogenesis as
a target for the treatment of mental illness: a critical evaluation,”
Neuropharmacology, vol. 58, no. 6, pp. 884–893, 2010.

[3] P. J. Lucassen, P. Meerlo, A. S. Naylor et al., “Regulation of
adult neurogenesis by stress, sleep disruption, exercise and
inflammation: implications for depression and antidepressant
action,” European Neuropsychopharmacology, vol. 20, no. 1, pp.
1–17, 2010.

[4] L. Santarelli, M. Saxe, C. Gross et al., “Requirement of hip-
pocampal neurogenesis for the behavioral effects of antidepres-
sants,” Science, vol. 301, no. 5634, pp. 805–809, 2003.

[5] A. Dranovsky and R. Hen, “Hippocampal neurogenesis: regu-
lation by stress and antidepressants,” Biological Psychiatry, vol.
59, no. 12, pp. 1136–1143, 2006.

[6] A. Mateus-Pinheiro, L. Pinto, J. M. Bessa et al., “Sustained
remission fromdepressive-like behavior depends onhippocam-
pal neurogenesis,” Translational Psychiatry, vol. 3, article e210,
2013.

[7] M. Banasr, M. Hery, J. M. Brezun, and A. Daszuta, “Serotonin
mediates oestrogen stimulation of cell proliferation in the adult
dentate gyrus,” European Journal of Neuroscience, vol. 14, no. 9,
pp. 1417–1424, 2001.

[8] J. M. Brezun and A. Daszuta, “Serotonin may stimulate granule
cell proliferation in the adult hippocampus, as observed in
rats grafted with foetal raphe neurons,” European Journal of
Neuroscience, vol. 12, no. 1, pp. 391–396, 2000.

[9] J. M. Brezun and A. Daszuta, “Serotonin depletion in the adult
rat produces differential changes in highly polysialylated form
of neural cell adhesion molecule and tenascin-C immunoreac-
tivity,” Journal of Neuroscience Research, vol. 55, no. 1, pp. 54–70,
1999.

[10] J. M. Brezun and A. Daszuta, “Depletion in serotonin decreases
neurogenesis in the dentate gyrus and the subventricular zone
of adult rats,” Neuroscience, vol. 89, no. 4, pp. 999–1002, 1999.



8 Neural Plasticity

[11] A. Varrault, J. Bockaert, andC.Waeber, “Activation of 5-HT(1A)
receptors expressed in NIH-3T3 cells induces focus formation
and potentiates EGF effect on DNA synthesis,” Molecular
Biology of the Cell, vol. 3, no. 9, pp. 961–969, 1992.

[12] J. E. Malberg, A. J. Eisch, E. J. Nestler, and R. S. Duman,
“Chronic antidepressant treatment increases neurogenesis in
adult rat hippocampus,” Journal of Neuroscience, vol. 20, no. 24,
pp. 9104–9110, 2000.

[13] M. Banasr, M. Hery, R. Printemps, and A. Daszuta, “Serotonin-
induced increases in adult cell proliferation and neurogenesis
are mediated through different and common 5-HT receptor
subtypes in the dentate gyrus and the subventricular zone,”
Neuropsychopharmacology, vol. 29, no. 3, pp. 450–460, 2004.

[14] E. Gould, “Serotonin and hippocampal neurogenesis,” Neu-
ropsychopharmacology, vol. 21, supplement 2, pp. 46S–51S, 1999.

[15] S. R. Wainwright and L. A. Galea, “The neural plasticity theory
of depression: assessing the roles of adult neurogenesis and
PSA-NCAM within the hippocampus,” Neural Plasticity, vol.
2013, Article ID 805497, 14 pages, 2013.

[16] J. M. Bessa, D. Ferreira, I. Melo et al., “The mood-improving
actions of antidepressants do not depend on neurogenesis but
are associatedwith neuronal remodeling,”Molecular Psychiatry,
vol. 14, no. 8, pp. 764–773, 2009.

[17] J. L. Pawluski, S. Brummelte, C. K. Barha, T. M. Crozier, and
L. A. M. Galea, “Effects of steroid hormones on neurogenesis
in the hippocampus of the adult female rodent during the
estrous cycle, pregnancy, lactation and aging,” Frontiers in
Neuroendocrinology, vol. 30, no. 3, pp. 343–357, 2009.

[18] M. Steiner, E. Dunn, and L. Born, “Hormones and mood:
from menarche to menopause and beyond,” Journal of Affective
Disorders, vol. 74, no. 1, pp. 67–83, 2003.

[19] M. M. Weissman and M. Olfson, “Depression in women:
implications for health care research,” Science, vol. 269, no. 5225,
pp. 799–801, 1995.

[20] A. D. Green and L. A. M. Galea, “Adult hippocampal cell
proliferation is suppressed with estrogen withdrawal after a
hormone-simulated pregnancy,” Hormones and Behavior, vol.
54, no. 1, pp. 203–211, 2008.

[21] G. E. Hodes, L. Yang, J. van Kooy, J. Santollo, and T. J. Shors,
“Prozac during puberty: distinctive effects on neurogenesis as a
function of age and sex,” Neuroscience, vol. 163, no. 2, pp. 609–
617, 2009.

[22] J. L. Pawluski, T. D. Charlier, M. Fillet et al., “Chronic fluoxetine
treatment and maternal adversity differentially alter neurobe-
havioral outcomes in the rat dam,” Behavioural Brain Research,
vol. 228, no. 1, pp. 159–168, 2012.

[23] T. Hajszan, N. J. MacLusky, and C. Leranth, “Short-term
treatment with the antidepressant fluoxetine triggers pyramidal
dendritic spine synapse formation in rat hippocampus,” Euro-
pean Journal of Neuroscience, vol. 21, no. 5, pp. 1299–1303, 2005.

[24] A. P. Brown, N. Dinger, and B. S. Levine, “Stress produced by
gavage administration in the rat,” Contemporary Topics in Labo-
ratory Animal Science, vol. 39, no. 1, pp. 17–21, 2000.

[25] M. K. Meijer, B. M. Spruijt, L. F. M. van Zutphen, and V.
Baumans, “Effect of restraint and injection methods on heart
rate and body temperature in mice,” Laboratory Animals, vol.
40, no. 4, pp. 382–391, 2006.

[26] G.-J. Huang and J. Herbert, “Stimulation of neurogenesis in the
hippocampus of the adult rat by fluoxetine requires rhythmic
change in corticosterone,”Biological Psychiatry, vol. 59, no. 7, pp.
619–624, 2006.

[27] S. Caccia, M. Cappi, C. Fracasso, and S. Garattini, “Influence of
dose and route of administration on the kinetics of fluoxetine
and its metabolite norfluoxetine in the rat,” Psychopharmacol-
ogy, vol. 100, no. 4, pp. 509–514, 1990.

[28] D. Yang, K. H. Kim, A. Phimister et al., “Developmental expo-
sure to polychlorinated biphenyls interferes with experience-
dependent dendritic plasticity and ryanodine receptor expres-
sion in weanling rats,” Environmental Health Perspectives, vol.
117, no. 3, pp. 426–435, 2009.

[29] B. E. Powers, J. J. Widholm, R. E. Lasky, and S. L. Schantz,
“Auditory deficits in rats exposed to an environmental PCB
mixture during development,”Toxicological Sciences, vol. 89, no.
2, pp. 415–422, 2006.

[30] S. AlAhmed and J. Herbert, “Strain differences in proliferation
of progenitor cells in the dentate gyrus of the adult rat and
the response to fluoxetine are dependent on corticosterone,”
Neuroscience, vol. 157, no. 3, pp. 677–682, 2008.

[31] R. D. Porsolt, G. Anton, N. Blavet, and M. Jalfre, “Behavioural
despair in rats: a new model sensitive to antidepressant treat-
ments,” European Journal of Pharmacology, vol. 47, no. 4, pp.
379–391, 1978.

[32] J. Xu, M. A. Kirigiti, K. L. Grove, and M. S. Smith, “Reg-
ulation of food intake and gonadotropin-releasing hormone/
luteinizing hormone during lactation: role of insulin and leptin,”
Endocrinology, vol. 150, no. 9, pp. 4231–4240, 2009.

[33] L. Knaepen, I. Rayen, T. D. Charlier et al., “Developmental flu-
oxetine exposure normalizes the long-term effects of maternal
stress on post-operative pain in Sprague-Dawley rat offspring,”
PLoS ONE, vol. 8, no. 2, Article ID e57608, 2013.

[34] V. Houbart, A. C. Servais, T. D. Charlier, J. L. Pawluski, F. Abts,
andM. Fillet, “A validatedmicrofluidics-based LC-chip-MS/MS
method for the quantitation of fluoxetine and norfluoxetine in
rat serum,” Electrophoresis, vol. 33, no. 22, pp. 3370–3379, 2012.

[35] J. L. Pawluski, D. L. A. van den Hove, I. Rayen, J. Prickaerts, and
H.W.M. Steinbusch, “Stress and the pregnant female: impact on
hippocampal cell proliferation, but not affective-like behaviors,”
Hormones and Behavior, vol. 59, no. 4, pp. 572–580, 2011.

[36] C. L. Burton, D. Chatterjee, M. Chatterjee-Chakraborty et
al., “Prenatal restraint stress and motherless rearing disrupts
expression of plasticity markers and stress-induced corticos-
terone release in adult female Sprague-Dawley rats,” Brain
Research, vol. 1158, no. 1, pp. 28–38, 2007.

[37] I. Rayen, D. L. van den Hove, J. Prickaerts, H. W. Steinbusch,
and J. L. Pawluski, “Fluoxetine during development reverses
the effects of prenatal stress on depressive-like behavior and
hippocampal neurogenesis in adolescence,” PLoS ONE, vol. 6,
no. 9, Article ID e24003, 2011.

[38] G. Paxinos and C. Watson,The Rat Brain in Stereotaxic Coordi-
nates, Elsevier Academic Press, 5th edition, 2004.

[39] M. H. Larsen, A. Hay-Schmidt, L. C. B. Rønn, and J. D.
Mikkelsen, “Temporal expression of brain-derived neuro-
trophic factor (BDNF) mRNA in the rat hippocampus after
treatment with selective andmixedmonoaminergic antidepres-
sants,” European Journal of Pharmacology, vol. 578, no. 2-3, pp.
114–122, 2008.

[40] M. K. Seo, C. H. Lee, H. Y. Cho et al., “Effects of antidepressant
drugs on synaptic protein levels and dendritic outgrowth in
hippocampal neuronal cultures,” Neuropharmacology, vol. 79,
pp. 222–233, 2014.

[41] T. Begenisic, L. Baroncelli, G. Sansevero et al., “Fluoxetine in
adulthood normalizes GABA release and rescues hippocampal



Neural Plasticity 9

synaptic plasticity and spatial memory in a mouse model of
Down Syndrome,” Neurobiology of Disease, vol. 63, pp. 12–19,
2014.

[42] G. E. Hodes, T. E. Hill-Smith, and I. Lucki, “Fluoxetine
treatment induces dose dependent alterations in depression
associated behavior and neural plasticity in female mice,”
Neuroscience Letters, vol. 484, no. 1, pp. 12–16, 2010.

[43] C. Dalla, P. M. Pitychoutis, N. Kokras, and Z. Papadopoulou-
Daifoti, “Sex differences in animal models of depression and
antidepressant response,” Basic and Clinical Pharmacology and
Toxicology, vol. 106, no. 3, pp. 226–233, 2010.

[44] C. S. Woolley and B. S. McEwen, “Estradiol regulates hippo-
campal dendritic spine density via an N-methyl-D-aspartate
receptor-dependent mechanism,” Journal of Neuroscience, vol.
14, no. 12, pp. 7680–7687, 1994.

[45] C. S.Woolley and B. S.McEwen, “Estradiolmediates fluctuation
in hippocampal synapse density during the estrous cycle in the
adult rat,” Journal of Neuroscience, vol. 12, no. 7, pp. 2549–2554,
1992.

[46] C. S.Woolley, E. Gould,M. Frankfurt, andB. S.McEwen, “Natu-
rally occurring fluctuation in dendritic spine density on adult
hippocampal pyramidal neurons,” Journal of Neuroscience, vol.
10, no. 12, pp. 4035–4039, 1990.

[47] E. Gould, C. S. Woolley, M. Frankfurt, and B. S. McEwen,
“Gonadal steroids regulate dendritic spine density in hippocam-
pal pyramidal cells in adulthood,” Journal of Neuroscience, vol.
10, no. 4, pp. 1286–1291, 1990.

[48] L. F. Jacome, C. Gautreaux, T. Inagaki et al., “Estradiol and
ER𝛽 agonists enhance recognition memory, and DPN, an ER𝛽
agonist, alters brain monoamines,” Neurobiology of Learning
and Memory, vol. 94, no. 4, pp. 488–498, 2010.

[49] J. Charoenphandhu, J. Teerapornpuntakit, A. Nuntapornsak, N.
Krishnamra, and N. Charoenphandhu, “Anxiety-like behaviors
and expression of SERT and TPH in the dorsal raphé of
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