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In the last decades there have been significant advances in our
understanding of the cellular and subcellular mechanisms
underlying changes in synaptic connectivity that subserve
memory formation.The so calledTheory of Synaptic Plastic-
ity and Memory has gathered a wealth of experimental sup-
port from different areas of neuroscience to become themain
phenomenological description of memory at the behavioural
level. This special issue of neural plasticity compiles some of
themost recent advances in our understanding of themecha-
nisms underlying formation and persistence of different types
of memories from invertebrates to humans. Contributions
from different laboratories around the world pinpoint hot
topics in this area of memory research, highlighting growing
avenues for future research.

The experience of a salient event can lead to the formation
and storage of a long-term memory that can sculpt and
alter future behaviour up to a lifetime of an individual.
This unique and highly adaptive behavioural capacity relies
on specific changes occurring within the brain. Specific
signalling pathways and patterns of gene expression are
required in neuronal and nonneuronal cells for the stabi-
lization and long-term persistence of synaptic changes that
underlie memory. Depending on the retrieval conditions,
these fully consolidated memories can undergo reconsolida-
tion or extinction that will maintain or inhibit the expression
of the originalmemory, respectively.These opposingmemory
processes recruit distinctive subcellular events in order to
restabilize the original memory or to form a new inhibitory

memory trace. The formation of associative memories and
their maintenance are evolutionary conserved phenomena
present from the simplest to the most complex animals. The
use of a multidisciplinary approach, comprising behavioural,
physiological, and molecular analysis, in combination with
a variety of wild and laboratory animals, from invertebrates
to humans, brings light into the intricate mechanisms of
memory. The three research papers and five review articles
included here were revised by at least two international
experts and their comments helped in making each piece an
even more compelling article.

This Issue includes two articles addressing novel mecha-
nisms in memory consolidation. B. Silva et al. used larvae of
the fruitfly Drosophila to show that muscarinic-type acetyl-
choline receptors contribute to the generation of olfactory
aversive memory. Besides the obvious anatomical differences
between vertebrate and invertebrate nervous systems, this
article further supports the evolutionary conserved role of
key contributors to memory consolidation. T. P. Todd and D.
J. Bucci show that retrosplenial cortex (RSC) is specifically
involved in forming associations among the neutral stimuli
that are present in the environment. Furthermore, they
discuss evidence that posits RSC as a site in which multiple
cues are linked together in the service of memory formation
and persistence after training.

A comprehensive review article by D. Moncada et al.
serves both as an introduction and a thorough revision of
the existing literature regarding the experimental findings

Hindawi Publishing Corporation
Neural Plasticity
Volume 2015, Article ID 687175, 2 pages
http://dx.doi.org/10.1155/2015/687175

http://dx.doi.org/10.1155/2015/687175


2 Neural Plasticity

supporting the behavioural tagging process in rodents and
humans. This working hypothesis links the concept of
synaptic tagging proposed by Morris and Frey in the late
90s with more recent evidence of a significant promoting
effect of a novel behavioural experience in the formation of
new and independent associative memories. Moreover, M.
Tomaiuolo et al. establish novel links between the synaptic
tagging hypothesis and memory persistence, showing that a
dopamine- and Arc-dependent maintenance tagging process
may operate in the hippocampus late after acquisition for the
persistence of long-lasting memories. Ending the persistence
mechanisms section, J. B. Hales et al. investigated the effect of
the zeta-inhibitory peptide (ZIP) in the persistence of recog-
nition memory in rats. This article shows that recent, but not
remote, object recognitionmemories can be disrupted by ZIP
infusion into the hippocampus and suggests a dynamic role of
hippocampal LTP-dependent mechanisms supporting strong
recognition memories shortly after training.

J.-P. Morin et al. discuss at length the role of the protein
Arc as one of the main molecular substrates of memory.
They go over its characteristics and regulation and the
reasons why this molecule could be an essential part of the
memory engram.They propose that Arc possesses particular
characteristics like its persistent expression after learning its
pre- and posttranslational regulation and its interactions with
molecules at the synapse that make it an ideal candidate to
mediate plasticity in the cells activated by a given learning
experience.

Adult neurogenesis in the dentate gyrus of the hippocam-
pus has gained increasing interest as a potential plasticity
mechanism for learning and memory at the cell and system
level of analysis. The article by S. Yau et al. addresses the role
of adult hippocampal neurogenesis in learning and memory
focusing on novel findings that indicate a function for this
process in two features of memory. One of these features
is “pattern separation” which refers to the computational
process involved in separating the representations of similar
learning experiences. The second is the far less studied
process of memory forgetting, which will certainly be one
of the new most interesting fields in memory research. The
authors incorporate this new information and relate it to
treatments such as environmental enrichment and voluntary
exercise, which are known to increase neurogenesis.

The issue presents an article dedicated to analyse the
implications of memory studies for the development of novel
therapeutical tools for the treatment of psychiatric disorders
in humans. In particular, C. Köhler et al. propose that
the manipulation of the reconsolidation of autobiographical
memories might represent a novel therapeutic opportunity
for depression treatment.The authors suggest that disruption
of memory reconsolidation could serve as a novel approach
for the modification of dysfunctional autobiographical mem-
ories associated with major depressive disorder.

We are very pleased to introduce this special issue that
covers a variety of features of memory at different levels
of analysis. The persistent nature of maladaptive memory
components is a common characteristic in several psy-
chiatric disorders including posttraumatic stress disorder
(PTSD), specific phobias, and drug addiction.We believe that

understanding the key molecular mechanisms underlying
the formation, persistence maintenance, and forgetting of
different forms of memories will prove to be invaluable at
both the foundational and translational levels, helping the
design and development of new therapeutical approaches.
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Similar molecular machinery is activated in neurons following an electrical stimulus that induces synaptic changes and after
learning sessions that trigger memory formation.Then, to achieve perdurability of these processes protein synthesis is required for
the reinforcement of the changes induced in the network.The synaptic tagging and capture theory provided a strong framework to
explain synaptic specificity and persistence of electrophysiological induced plastic changes. Ten years later, the behavioral tagging
hypothesis (BT) made use of the same argument, applying it to learning and memory models. The hypothesis postulates that
the formation of lasting memories relies on at least two processes: the setting of a learning tag and the synthesis of plasticity
related proteins, which once captured at tagged sites allow memory consolidation. BT explains how weak events, only capable
of inducing transient forms of memories, can result in lasting memories when occurring close in time with other behaviorally
relevant experiences that provide proteins. In this review, we detail the findings supporting the existence of BT process in rodents,
leading to the consolidation, persistence, and interference of a memory.We focus on the molecular machinery taking place in these
processes and describe the experimental data supporting the BT in humans.

1. Introduction

Animals have the ability to modify their behavior by learning
and also the ability to retain the learned information over long
periods of time in theirmemory [1].This cognitive function is
responsible for remembering events, facts, situations, places,
objects, and motor skills [2]. All this information leads the
individuals to behave according to the circumstances by
adapting to the uncertain conditions of the environment.

Memory formation process displays some main features:
it enables the retention of specific information about the
world, it goes initially by a fragile state being the informa-
tion slowly consolidated into a long-term memory, and it
can eventually persist for long-lasting period of time even
through all animal’s life [3–6]. The resemblance of these
general attributes of memory to those observed in synap-
tic long-term potentiation (LTP) and long-term depression
(LTD) models of plasticity [7–10] leads to the postulation

of the synaptic plasticity and memory hypothesis [11, 12].
It states that an activity-dependent plastic modification is
induced at appropriate synapses during memory formation.
Thus, plastic changes must occur in those brain areas where
memory is being processed and are both necessary and
sufficient for the storage of that information [11].

It is now widely accepted that neural activity induced by
learning triggers changes in the strength of synaptic connec-
tions within the brain. In that sense, several experimental
reports based on diverse associative, spatial, recognition, or
motor memory paradigms support this statement [13–20].
Although memory is a complex property of the entire organ-
ism, multiple attempts have been made to correlate memory
with electrophysiological models of synaptic plasticity [11]. In
this review, we focus on the fact that they exhibit short-term
phases and that they require protein synthesis for memory
consolidation and synaptic plasticity maintenance in order to
establish their respective long-term phases [21, 22]. However,

Hindawi Publishing Corporation
Neural Plasticity
Volume 2015, Article ID 650780, 21 pages
http://dx.doi.org/10.1155/2015/650780

http://dx.doi.org/10.1155/2015/650780


2 Neural Plasticity

how can the neuronal machinery assure the delivery of these
proteins to specific sites where plasticity should be held?
Using models of synaptic plasticity, Frey and Morris [23]
postulated the “synaptic tagging and capture” hypothesis
(STC), which declares that LTP involves the local tagging of
synapses at the moment of its induction. Then, those tags
can capture plasticity-related proteins (PRPs) synthesized in
the soma allowing the stabilization of the potentiation for
long periods of time. The hypothesis was tested initially
using hippocampal slice preparations and it was recently
demonstrated in the living rat [23, 24].

Lasting changes in synaptic plasticity strength and also
in memory storage persistence are not only dependent on
the characteristics of the stimuli that induce these changes.
Events happening before or after these stimuli can also exert
influence on synaptic plasticity and memory storage. This
late-associative phenomenon was first seen by registering the
change on a postsynaptic response triggered by stimulation.
This is due to the action of a second spatial and temporally
distant stimulation to another neuronal pathway targeting
a common population of cells. A typical STC protocol
shows that a stimulation that normally leads to early-term
potentiation (e-LTP) can also induce a late-phase LTP (L-
LTP) if a separate convergent pathway is strongly tetanized
within a specific time-window [23, 25, 26]. Similar results
were also observed applying low frequency stimulations that
induced LTD [27–29]. In all those works the effect was
abolished by the application of anisomycin, suggesting that
the process is protein synthesis-dependent. In sum, STC
postulated that strong stimuli synthesized PRPs could be used
by independent tags if they converge in a given place and
at a certain time. Even more, in a revisited version of the
hypothesis, local protein synthesis and compartmentalization
within a neuron are important factors for the setting of
clustered plasticity [30, 31].

Late-associative effects induced by two different stimuli,
first described in synaptic plasticity assays, were then trans-
lated into learning paradigms and opened a new approach
to think about the process of LTM formation. It has been
shown that short-lasting memory (STM), induced by a weak
training, can be consolidated into a long-term memory
(LTM) if animals experience a strong event in a critical time-
window around the weak training.This process that depends
on protein synthesis induced by the strong associated expe-
rience was originally named “behavioral tagging” (BT) [32].
In analogy to STC postulates, BT suggested that the weak
training sets a learning tag where the PRPs provided by
the strong event would be captured in order to establish a
persistent mnemonic trace. Therefore, signaling “where” to
store the information seems as important as the synthesis of
PRPs, in order to allow the formation of a lasting memory.

In this review we explain why BT is a suitable model to
explain LTM formation. We detail the postulates of tagging
and capture hypothesis and we describe the action of a novel
experience over the formation of several independent LTMs,
making emphasis on the mechanism involved in this process.
In addition, we highlight the implications of BT process in
protocols of interference where a different learning competes
to consolidate their own memory. And finally, we describe

experiments suggesting the involvement of BT process in
the persistence of consolidated memories as well as in the
formation of human’s LTM.

2. Postulates of Tagging and
Capture Hypothesis

The principal idea underlying the process of tagging and
capture is that PRPs are used to yield long-lasting changes
when they are captured by specific tags. This mechanism was
revealed dissecting the step of tag setting from the step of
PRPs synthesis. Protocols using aweak stimulus given close to
a strong one helped to unveil the aforementioned process.The
foundations of the tagging and capture hypothesis are based
on the following three major points.

(i) Protein Synthesis Dependency. The weak stimulus that
induces short-term plasticity phenomena can set tags but
cannot synthesize proteins. Nevertheless these tags are able
to capture PRPs if they are induced by a strong independent
event occurring around the stimulus. So, the administration
of protein-synthesis inhibitors impairs the lasting plasticity
processes selectively related to the activated inputs.

(ii) Temporal Constrains. Both tag and PRPs have a transient
duration. It was shown that if PRPs arrive when the tag has
already decayed the capture mechanism did not work. Thus,
there is a critical time window of efficacy for tagging and
capture process to occur; the order in which tag and PRPs
are induced is indistinct, but their temporal coexistence is
essential. When Frey and Morris [23] postulated the STC
hypothesis and described the first physiological properties of
the synaptic tag, they showed that its setting was independent
of protein synthesis and that the tag had a limited duration.
Therefore, tag and PRPs dynamics limit the time course of
the STC process. Since both tag and PRPs have a transient
duration, 30min the first and 1 up to 2 hours the second, there
are temporal constraints to the process [25]. Nevertheless, it
should be noted that the duration of the coincidence window
could be extended or reduced by other processes such as the
regulatory mechanisms that accelerate or delay the turnover
of synaptic tags and PRPs.

(iii) Spatial Constrains. For the capture process purpose, tags
and PRPs should be present at the same neural substrate and
at the correct time. If PRPs are synthesized and delivered far
away from the point where tags were (or will be) established,
the promoting mechanism should be disrupted.

The tagging and capture hypothesis and its dynamics
provide an elegant theoretical framework to explain how
lasting plastic changes, including LTM formation, occur in
the brain. This led us to propose that learning induces the
activation of some specific sets of synapses in the network
and that in turn this activation could establish a mark
(“learning tag”) capable of determining the place where the
PRPs should be used and for what they should be used. The
BT hypothesis postulates that a learning that induces LTM
formation triggers both the setting of a learning tag and the
induction of PRPs. To test this assumption the possibility
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of splitting these processes by using two different tasks was
explored. In that sense, aweak-learning task that only induces
STM does not cross through the consolidation phase and
therefore removes the synthesis of PRPs from the scenario
for this task (Figure 1(a)). Then, if the behavioral tagging
and capture process exists, the learning tag set by a weak
training could use the PRPs induced by the associated task
leading to the consolidation of the transient memory into
LTM (Figure 1(b)). In agreement with the synaptic plasticity
model of STC, in order to capture the products, tags and
PRPs should be present at the same time (Figure 1(b)) and at
the same neural substrate (Figure 1(c)). Also, the process will
exhibit symmetry and PRPs can be captured either if they are
synthesized before or after the setting of the tag.

Therefore, if BT process underlies LTM formation, a
series of predictions arise as follows.

(i) BT process should be evident across a diversity of
learning and memory paradigms.

(ii) BT process requires setting of tags and availability of
PRPs. Thus, blocking one or both of these processes
will induce LTM amnesia.

(iii) If tags do not coincide (temporally or spatially) with
the PRPs, LTM will not be formed.

(iv) Tags set by different tasks and located in a common
population of neurons could compete for capturing
available PRPs. Under limited amount of PRPs the
competitionwill be evidenced by the expression of the
prevailing memory trace.

(v) In contrast, sufficient amount of PRPs could induce a
more robust and/or persistent LTM trace.

These predictions were tested in different learning and
memory tasks or activities performed in rodents and humans,
and the results are enumerated in the following sections
and summarized in Figure 2. Moreover, the BT hypothesis
comprised a wide theoretical framework that led us to
explain many other questions about memory processing.
So other predictions derived from this hypothesis deserve
investigation and some of them will be mentioned in the
concluding remarks section.

3. Time-Related Requirements and
Protein Synthesis Dependency for
Behavioral Tagging Processes across
Different Learning Tasks

3.1. Hippocampus-Dependent Associative Tasks. The very first
demonstration that LTM formation relays on a behavioral
tagging process was reported using a hippocampus-
dependent associative learning task in rats: the Inhibitory
Avoidance (IA). This was first achieved by developing an
experimental design that combined a weak IA training,
unable to induce a protein synthesis dependent IA-LTM,
with a 5min novel Open Field (OF) exposure [32]. The
rationale involves the notion that OF exposure induces
the synthesis of PRPs that should be used by the weak IA
learning.

The IA is a versatile hippocampus-dependent and
operant-like associative task, in which animals are placed in
a box with a platform on the left end of a series of metal
bars in the floor and learn that stepping down from this
platform results in a footshock. If animals remember this
experience, when they are faced again to the platform an
increase of the latency to step down is observed.The increase
in the test session latency is considered as an indicator
of memory formation, being a longer latency indicative
of a better memory [33]. This task was advantageous to
start seeking a BT process due to two of its main intrinsic
characteristics. First, it is a task that can lead to memory
formation after a single training session of approximately 10 s.
Thus, the processes leading to setting a learning tag and/or
the synthesis of PRPs are triggered by a brief and defined
training session, in contrast to multi-trial learning tasks
where the acquisition, retrieval, and relearning processes
occur simultaneously. Another advantage of this task is that
the strength of the training can be easily regulated simply
adjusting the intensity and/or the duration of the footshock.
For example, a strong training (0.5mA for 3 sec) can lead to
the formation of protein dependent IA-LTM, but if a weak
training is performed (0.2mA for 2 sec) only the protein
synthesis independent IA-STM can be observed.

The exploration to a novel OF is a spatial behavioral task
that even after a relatively brief training of 5min is able to
induce a protein synthesis-dependent LTM of habituation to
the arena. This environmental novelty is associated with the
activation of the adrenergic and dopaminergic systems and
the increment of phosphorylated c-AMP responsive element-
binding protein (pCREB) level in the hippocampus [34, 35].
Indeed prolonged exposures to the arena, leading to a famil-
iarization process and the subsequent lack of novelty, were
associated to a decrease in pCREB and PKM𝜁 levels [36, 37].
Moreover, the exploration to a novel arena is able to reinforce
early LTP into late forms of plasticity [38–40], pointing
directly to the possibility of using this behavioral task as
a possible PRP donor for other hippocampus-dependent
behavioral tasks.

Thus, the first approach to look for a BT process consisted
in training rats under weak conditions (wIA), with the inten-
tion to induce the setting of a learning tag, in combination
to exposing the animals to a novel OF, with the aim to
provide the PRPs required by the IA to consolidate its own
memory. To achieve this, different group of animals were
exposed to a novel OF for 5min at several times before or
after this weak IA training. While those animals that were
only submitted to wIA were unable to form a lasting memory
24 h later, different groups that also explored the OF showed
a consistent IA-LTM. This promoting effect triggered by
the environmental exploration occurred in a restricted time
window of approximately 1 hour around the wIA training
and it was not observed if the events were separated by
long time lapses. This could be explained in terms of the
dynamics of the tag and the PRPs: at the time one of the
requirements is available, learning tag or PRPs, the other
has already decayed. However, it was a remarkable exclusion
for the positive effect when OF exposure was experienced
30min immediately before posttraining times [32]. In sum,
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Figure 1: Requirements of the behavioral tagging and capture processes. (a) A weak training that only induces transient form of memory
(STM) also induces a learning tag (dashed circle). (b) In order to establish long-termmemory (LTM) the tag set by the weak training captures
PRPs (red circle) synthesized by an independent strong experience. The process presents temporal constrains and only is effective within a
critical time window (only PRPs from the strong events experienced at time 2 and time 3 interact with the learning tag). Note that it exhibits
symmetry because PRPs can be captured either if they are synthesized before or after the setting of the tag. (c)The spatial constraint is another
important condition that operates in the behavioral tagging (BT) process because the PRPs should interact with the tags; thus, both training
events should activate an overlapped population of neurons in the target structure (see (b)). When the learning tag is induced by a weak
training (in light blue target structure) in different places where PRPs are synthesized (in white target structure), no BT process occurs and
no LTM is observed.

we observed that OF exposure should not be too close to
wIA, neither too apart of it. The symmetry, manifested by
the promotion of IA-LTM when the OF was explored before
or after training put into manifest three important things:
first, it could not be due to alterations in the conditions of

IA-acquisition neither to sensitization processes; second, IA
learning tag seems to last for approximately 1 hour and PRPs
seem to be available to be captured also during a similar time
period; finally, novelty experienced too close around learning
might have negative effect that could be attributable to
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Figure 2: The behavioral tagging process in different learning tasks and animal models. The figure resumes the effects on LTM for different
learning tasks associated to another event (associated event) at different time relative to the training session. LTM was generally measured
24 h after training, and it could be promoted/improved, or not. It also shows whether the effect on LTM was reported to be dependent on
new protein synthesis, the animal models where the research was conducted, and all the behavioral and pharmacological interventions used
as associated event.

the interference or the resetting of the learning tag. One thing
that supports this assumption is the inability to prevent the
absence of IA-LTM expression by a further different novel OF
exposure given at an effective time [41]. In such case proteins
would be still available but the tag would not, impairing the
capture process and the consolidation of memory. Consistent
with this assumption, it has been demonstrated that a short
theta frequency stimulation that resembles neural activity
observed in rats exploring a novel environment, when given
close to the induction of LTP, can negatively affect the setting
of this tag [26, 27, 42].

One important requirement in BT process implies that
the learning tag is able to use PRPs provided by the associated
experience to allow the consolidation of a memory. Thus,
it was essential to analyze if the promoting mechanism
leading to IA-LTM was dependent on the synthesis of PRPs
triggered by the OF. As predicted, the protein synthesis
inhibitor anisomycin infused into the dorsal hippocampus
immediately after the OF exposure impaired the promoting
effect of the novelty on IA-LTM formation [32]. Moreover,
when a single wIA training is combined with two different
novel OF explorations (each of them given at a time point
that is effective to promote IA-LTM formation), a stronger
IA-LTM is formed [43]. This result suggests that, with an
extra supply of PRPs, a more robust IA-LTM is expressed.
And moreover, blocking the synthesis of PRPs, induced by
the second novel OF, through the infusion of anisomycin,
resulted in IA-LTM levels comparable to those promoted by
the sole exploration of the first novel arena [41].

Proteins induced by novelty are also important to prevent
amnesic behavior. PRPs induced by OF exposure rescued

the amnesia caused by anisomycin close to a strong training
(sIA, which typically induces a lasting IA memory). More-
over, further infusion of anisomycin after the OF session
resulted in the expression of IA-LTM amnesia [32]. A similar
strategy was applied but using the water-maze paradigm
and the results obtained were in accordance with ours [44].
Thus, the novelty preventive effect, as well as its promoting
effect, is particularly dependent on its capacity to provide the
PRPs required consolidating the IA memory [32]. However,
it was recently reported that IA-LTM amnesia induced by
scopolamine could be prevented by OF exposure but through
protein synthesis independent mechanism [45].

Another interesting aspect of the promoting effect relied
on the novel nature of the arena. We have observed that,
unlike the exploration of a novel arena, the exploration of
a familiar OF, which had already been seen for 30min in
the previous day, is unable to promote IA-LTM [32]. Similar
results were observed studying the STC process through
behavioral reinforcement of LTP, where exposure to a novel
but not a familiarOFwas able to reinforce early- into late-LTP
[38, 39].

The BT process has then been observed in other varia-
tions of the IA step-down learning task. Lu and collaborators
[46] showed the first evidence of a BT process operating in
mice memory using a step-through IA, in which the animals
learn that crossing a door from one compartment to another
results in a footshock. They showed that OF exposure was
able to promote IA-LTM when performed 60min before a
wIA training, which usually induced STM, and proposed
TrKB receptor as a possible tag component. Using the
same avoidance task but in rats, Dong and coworkers [47]
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presented evidence that also the exploration of novel but
not familiar objects performed 60min before a wIA training
was able to promote IA-LTM. They showed that this occurs
through a mechanism dependent on GluN2B subunit of the
NMDA glutamate receptors and LTD.

The contextual fear conditioning (CFC) is another aver-
sive hippocampus-dependent learning task in which LTM
has been shown to be processed through a tagging and
capture mechanism. In this task, in contrast to avoidance
learning, there is nothing that the animals could do in order
to avoid punishment. The rodents are placed into a box with
metallic bars and, after a brief phase of habituation to the
environment, a consecutive series of foot shocks is applied
during a certain period of time. The animals are faced to a
classical conditioning, in which the simple fact of being in a
particular environment is associated with receiving a shock.
This association leads to the formation of a usually called
fear-driven memory that can be evaluated by comparing the
amount of freezing behavior during the habituation period
and the test session [48–52]. An increase in freezing is
taken as an indicative of memory formation. Similar to IA
observation, when the training is performedwith weak shock
only short forms of memory can be induced, but if this
training is associated with the exploration to a novel arena
60min before, CFC-STM can be reinforced into a CFC-LTM
through amechanismdependent on PRPs synthesis triggered
by the novel experience. Thus, both operant and classic
conditioning lead to the formation of LTMs through a tagging
and capture processes [53]. A nice series of experiments
performed by de Carvalho Myskiw and colleagues with this
task [54] demonstrated that extinction of CFC memory
might also relay on a behavioral tagging mechanism. They
have shown that exploration of a novel arena promotes
the long-term extinction of the CFC memory through a
process dependent on gene transcription and de novo protein
synthesis. This promoting effect induced by OF exposure
occurs within a critical time window between 2 h before and
1 h after the extinction session. The authors propose that the
extinction session is able to set a tag capable of using OF
synthesized PRPs in order to induce long-term extinction,
and the time course evidences that the CFC-tag of extinction
lasts 1 h but is absent after 2 h. As extinction is considered
the construction of a new association and therefore a new
memory that overcomes the expression of originalmnemonic
trace [55–57], these results show the other face of the BT
process acting in LTM formation.

3.2. Hippocampus-Dependent Spatial Tasks. Spatial memo-
ries play a central role in our life, they allow us to find or
avoid particular places and things by encoding an internal
representation of the world. In this sense, the hippocampus
is especially important for combining information frommul-
tiple sources, as it is required in certain spatial memory tasks
[58]. This region that includes the CA fields, dentate gyrus,
and subicular complex is part of a system of anatomically
related structures in the medial temporal lobe, which is
important for many aspects of mammalian memory and for
the processing spatial information [59, 60].

The first evidence of a BT process acting in the for-
mation of spatial LTMs came from experiments performed
in the spatial version of the object recognition task (SOR).
This model can be considered as the rodent version of
a what/where memory task, in which the animals should
recognize a change in the relative position of two objects
[61, 62]. It consists of letting animals investigate an arena
with two identical objects for a certain period. Then, in a
further test session, one of the objects is changed from its
original position and the animals are allowed to explore them
again. As rodents display an innate tendency to explore novel
situations, an increase in the exploration time of the object
placed in the novel position is considered as an indicator
of memory. Using this task, it has been shown that a weak
training able to induce only STM could result in a lasting
memory when it was associated to the exploration of a novel
OF. The OF exposure effectively promoted SOR memory
within a critical timewindow that extended from 1 h before to
2 h after thewSOR training, through amechanismdependent
on newly synthesized PRPs. This temporal schedule suggests
that SOR task, whose training lasts four minutes, sets a tag
that lasts at least 2 h and is completely unable to capture PRPs
3 h after its establishment. Similar to that observed in the
IA task, the promoting effect on SOR-LTM was dependent
on the novel nature of the arena and it was not observed
when the exploration was done too close to the SOR training
[53]. Cassini and colleagues [63] have observed that this
memory can be also promoted by a quite different source
of PRPs. They showed that the protein synthesis dependent
reconsolidation process of either CFC or water-maze (WM)
learning tasks can promote SORmemory (1 but not 4 h before
or after a wSOR training).This promotion was observed only
when lasting reconsolidation (CFC or WM) or extinction
(CFC) sessions were associated to wSOR training, being the
promoting effect also abolished by the infusion of anisomycin
in the hippocampus.

Using a completely different spatial memory task, Wang
and collaborators [64] provided further evidence of the
BT processes underlying the formation of lasting spatial
memories. Rats trained in an event arena during several
months learned to find a food reward hidden in sand-wells.
After that, submitting the rats to a strong-encoding session,
consisting of finding a reward of 3 hidden pellets, induced
a 24 h memory for the task. On the contrary, a 1-pellet
reward encoding session allowed the animals to remember
the rewarded location for 30min but not for a day. However,
this weak encoding training could lead to a LTM if the
training was associated to the exploration of a novel OF. In
coincidence with the previous observations, this promotion
was symmetrical, dependent on the novel nature of the arena
and on the synthesis of new PRPs induced by it. Using
this appetitive-driven spatial memory Richard Morris group
showed that, as well as in single trial learning experiences,
encoding and storage of an everyday learning-like experience
can lead to memory consolidation through a BT process.
More recently it has been shown that not only spatial novelty
but also a rewarding experience in the T-maze was able to
promote this particular memory when experienced 30min
but not 3 h after training. On the contrary, a novel object
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recognition task was unable to promote this memory, putting
into evidence that different tasks are able to promote event
arena-LTM but not all novel experiences act in this way [65].

Implementing an unusual experimental approach,
Almaguer-Melian and coworkers [44] have shown that
the WM memory could be also processed through a BT
mechanism. In the WM learning task rodents are intended
to remember the location of a hidden escape platform placed
into a small pool of water (with visual cues). When first
released in the pool, rats swim around searching for an exit
until they eventually find the platform. A decrease in the time
(latency) that takes finding the platform in the successive
sessions is used as an indicator of memory. The authors
showed that four trials in the WM were sufficient for rats to
remember the location of the platform at the following day.
Interestingly, if the animals were submitted to a foot shock
(FS) session performed after training, the consolidation of
the WM-LTM trace was impaired. In resemblance to the
other results in hippocampus-dependent learning tasks,
when animals were also submitted to an OF exploration
15 minutes before or after WM training, the memory was
recovered in a protein synthesis-dependent way, overcoming
the disruptive action of the FS on WM-LTM formation
[44]. This recovery effect occurred during the first moments
around training but not if the OF exposure was performed
4 hours apart from training, showing that it is a time
dependent process. It is worth mentioning that as WM-LTM
could be recovered by the novelty induced PRPs, this strongly
suggests that FS did not interfere with the setting neither the
maintenance of theWM-learning tags.Therefore, a tempting
explanation is that massive neuronal activation triggered by
the strong FS depletes the system from the available PRPs,
causing a long-term WM-amnesia that can be reverted by
providing extra proteins from an external source like novelty.

3.3. Cortex-Dependent Associative Task. So far, we have
shown consistent evidence of the BT process acting in
the formation of several qualitatively different LTM that
have the common characteristic of being processed in the
hippocampus. Nevertheless, neither the hippocampus is the
only region involved in the formation of lasting memories,
nor all memories are processed solely in the hippocampus.
Thus, it is essential to investigate if the BT process acts in
the formation of lasting memories processed in other brain
structures.

Nowadays, this evidence comes from experiments per-
formed in the conditioning taste aversion (CTA), a learning
task processed in the insular cortex [66, 67]. In our experi-
mental conditions, this task seems to be hippocampus-inde-
pendent; however, a recent work using conditional knock-out
rodents lacking the hippocampal NMDA receptor-NR1 sub-
unit found an opposite result [68]. Taste-recognitionmemory
is part of the essential spectrum of skills that many animals
require to survive. Inwild life, rememberingwhether a partic-
ular taste or flavor is associated with amalaise by intoxication
or poisoning, is essential for the survival of the animals.
The CTA model of memory allows animals to associate a
specific flavor with a digestive disorder. During training
session animals with restricted access to water are submitted

to consume either water or saccharine sweetened-water and
after 30min.Those animals that taste the sweet water are then
intraperitoneally injected with saline or a lithium chloride
solution.This substance causes an intensive digestive malaise
and therefore a decrease in the consumption of the flavored
water during the test session, which is taken as an index of
memory. Rats that received a low dose of LiCl (weak training)
induced a negligible CTA-LTM but expressed a strong CTA-
STM measured 30 minutes after the acquisition session [53].
In order to analyze a BT process in this memory, a PRP donor
had to be found.Thus, a new strong flavor (NaCl) was instru-
mented as novel insular dependent experience.As a result, the
association of a weak CTA training with the consumption of
a NaCl solution, 1 hour before or 2.5 hours after the training,
but not in between them, resulted in a robust CTA-LTM. So,
the CTA learning may involve longer processing time to be
set because the process requires the association between two
stimuli that are distant in time (the ingestion of saccharin and
the effect of the lithiumchloride injection). In agreementwith
this idea, there is no promotion observed in the time window
between 0 and 1 h after training but there is promotion at
1 h before and at 2.5 h after learning, showing that tag setting
might be interfered by events close to training and that the tag
remains functional long time after saccharine consumption.
In accordance with the observations performed in the dif-
ferent studied hippocampus-dependent tasks, the promoting
effect of novelty in CTA also depends on both the synthesis of
new PRPs induced by the consumption of NaCl and the novel
nature of this flavor, as animals familiarized to this taste did
not present any improvement in saccharine CTA-LTM [53].

Considering the whole data included in this section,
the BT process seems to be a general mechanism for
consolidation of aversive, spatial, extinction, hippocampus-
dependent, and cerebral cortex-dependent memories. The
characteristics of the process determine the complexity of
the temporal requirements which resolves whether different
behavioral events interact positively or negatively, depending
on their intrinsic features and their temporal separation. The
third important requirement of the BT process regarding the
overlapping of the neuronal substrate activated by interacting
tasks will be discussed below.

4. Spatial Constrains and Specificity of
the BT Process

Thought as a behavioral analogue of the STC, the BTC
process must occur within a critical time window and is
restricted to the tagged substrate. This does not represent
a problem when the proper learning experience can induce
the learning tag and also the PRPs; however, when a weak
task is associated to a strong PRPs donor experience, the
processes triggered by both of them should be integrated in
the sameneuronal substrate or at least in overlappedneuronal
networks. For this reason all the experimental designs used
to study the BT rely on tasks processed, at least partially,
in the same brain structures. This gives strong support to
the idea of spatial restrictions of the BT process. But in
the absence of microscopy data showing the coactivation of
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overlapped neuronal networks, the best control of the spatial
requirements of the BT process untill day comes from a set of
behavioral experiments. They show that a novel experience
capable of providing PRPs but processed in different brain
areas than those capable of inducing learning tags were not
able to promote lasting memories. Based on the fact that a
taste recognition memory is mainly processed in the insular
cortex and that spatial learning is strongly dependent on the
hippocampus, we explored the possibility to promote the
formation of CTA-LTM through a novel OF exposure and
reciprocally promote SOR memory through a novel taste.
In this case we observed that neither the exploration of
a novel OF 1 h before or 2.5 h after a wCTA training nor
tasting a novel smack 1 h before or after a wSOR training
(permissive time points in which novel taste promoted CTA
memory and novel OF SOR-LTM) was able to promote
the consolidation of these memories. Therefore, neither the
hippocampus-dependent task was able to promote an insular
cortex-dependent memory nor an insular cortex-dependent
task was able to promote a hippocampus-dependent one,
putting into evidence that spatial coexistence of tags andPRPs
must occur in order to allow the consolidation of a lasting
memory [53].

The other spatial constraint of the BT process is related
to the concept of input specificity. In other words, PRPs are
supposed to be captured only by the tagged sites, reinforcing
only these sites and not all the available inputs of the network.
This concept was evaluated through a behavioral approach
submitting rat to a wSOR training followed 3 h latter by a
second training that involved a different pair of objects. An
OF exposure experience one hour before the first wSOR
training session promoted the SOR-LTM only for the pair
of objects explored during this training but not for those
explored 4 h latter [53]. These findings indicate that BT
displays input specificity, allowing LTM formation for the
learning that sets learning tags during a permissive time in
which novelty promotes spatial memories. Moreover, similar
results were observed in school children, where a novel
science lesson experienced 1 or 4 h after two different stories
told by their teachers were able to specifically improve the
memory for elements of the story listened 1 h before the novel
experience [69].

5. Memory Competence: Another
Aspect of BT Process

The BT hypothesis displays wide scenery where the tag set by
different learning experiences could interact with the PRPs
present at those places in a given time. In the aforementioned
cases, a weak learningwas beneficiated by using PRPs derived
from a strong experience. However, what would happen if the
number of tags is larger than the available PRPs supply? It
is reasonable to predict that one of the LTM traces will be
negatively affected when the protein supply was insufficient
to maintain memory processing of both tasks.

Evidence from LTP experiments shows that under
regimes of limited protein synthesis two potentiated
pathways can compete for protein resources needed for

the establishment of L-LTP [70]. In this case, when a weak
and a strong tetanizing stimuli were applied simultaneously,
LTP was maintained for hours at both inputs. However,
applying a further weak tetanus in the presence of anisomycin
resulted in the potentiation of the reactivated pathway at the
expense of the persistence of LTP on the other. Recently, by
stimulating three different pathways around the same time,
a “winner-take-all” process was defined and the temporal
dynamics for the competition between these three plasticity
events was described. The authors showed that when the L-
LTP was enabled on one-weak stimulated pathway by virtue
of the utilization of PRPs induced by another closed event,
potentiation of a further third pathway around the same
time might prevent persistent potentiation on all pathways
[71]. Furthermore, stimulated synapses would compete for
limiting PRPs synthesized at the dendrite compartment for
the establishment of LTP. Thus, the stimulation of multiple
inputs within a short distance resulted in the growth of one
spine, accompanied by the shrinking of the others [72].

We hypothesize that if different learning experiences are
being consolidated into LTM, intracellular competition for
PRPs among their respective learning tags will define which
of the memory traces becomes stabilized in the neuronal
network. Based on the protocols of the first BT experiments
[32], this has been tested by combining wIA and novel OF,
two tasks that are dependent on hippocampus processing. If
rats are sequentially exposed to two different memory tasks
under limited protein synthesis, OF exploration promotes IA-
LTM formation from a wIA training session and this occurs
in detriment of the OF’s LTM [43] (Figure 3). In contrast,
but in accordance with the time window of efficacy to the
promoting effect of novelty, when tasks were separated by a
larger time lapse, LTM of habituation was present. We also
demonstrated that when subjects are trained in a wIA and
explore two different and novel OF arenas (1 h before and
15min after wIA training), IA-LTM is further improved. In
parallel, whereas LTM for the first OF is impaired when wIA
is intercalated between both exploratory sessions, the second
OF-LTM was preserved [43]. In such scenario, we concluded
that the levels of PRPs may be insufficient to satisfy the LTM
requirements of the three behavioral tasks and thus not all
mnemonic traces would be consolidated.

But which are the PRPs acting in this process? Activity-
regulated cytoskeletal associated protein (Arc) has been
shown to be involved in the formation of several types of
memories and has an important role in synaptic plasticity
[73–75]. In particular, the use of Arc mRNA antisense
oligonucleotides, delivered into the dorsal hippocampus after
a novelOF exploration session, was shown to have deleterious
effects in novelty promoted IA-LTM formation. This fact
suggests that Arc is required for both types of memory and
their learning tags which competed for it [43]. Latest research
suggests that Arc is captured by CaMKII𝛽, which induces
an “inverse synaptic tagging process,” recruiting Arc in the
less active terminals. Arc, in turn, downregulates the amount
of GluA1 at individual synapses [76]. Even though Arc is an
attractive candidate as a PRP that could be disputed between
memory traces, other PRPs related to plastic changes in
synaptic terminals should be considered as well [77].
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Figure 3: Competence for PRPs in LTM formation. A strong
training not only triggers the synthesis of PRPs (red circle) but
also induces its learning tag (dashed-dotted circle). Weak training
experienced close to the strong one only set its corresponding
learning tag (dashed-circle). So, these different types of tags could
compete inside a cell to capture the PRPs that are available around
them. If the amount of proteins is limited it was observed that one
LTM is promoted and the other one is impaired.This process should
be accomplished in a subset of cells which were activated by both
training experiences.

These results lead us to think that competition for protein
resources between different learning tags is one of the main
factors that give rise to memory interference. Centenary
observations postulate that retrograde interference (RI) in
a memory consolidation is exerted by an event experienced
after the first learning session and that this RI increases with
the proximity between events. Traces become less vulnerable
to empirical forgetting, brain damage, or retroactive interfer-
ence as they consolidate with the passage of time [3, 78–80].
It is suggested that the interpolated event causing RI could be
a similar material to be encoded, with the RI being reduced
when tasks are highly similar or, on the contrary, when
they are markedly different [80]. This could be reinterpreted
considering the BT hypothesis, involving the capture of PRPs
by different kinds of learning tags. If the interpolated event
is identical to the original, it can represent a retraining and
reinforces almost the same learning tags set by the original
task. Moreover, a high dissimilarity of the events could imply
its processing in different brain regions; thus, the respective
learning tags would not interfere because they do not show
spatial overlapping [53, 81]. In that sense, we recently reported
that the RI caused by an object in context training trial, over a
previous different one, is supported by an effective temporal
window between events and by the regional brain areas
involved in the processing of their LTMs. Thus, when the
interval intertrail was enlarged as well as when we inactivated
the dorsal hippocampus or the mPFC, previous to the second
training trail, the RI disappeared [82]. This result strongly
suggests that LTM-RI amnesia is probably caused by a lack
of resources due to cellular machinery competition in these
brain regions when they are engaged in the formation of
memory traces.

Based on all data compiled up to now, the BT model
proposes a cellular mechanism to explain LTM promotion by
novelty-associated event as well as amnesia by interference,
focusing on the competitive capture by tags of PRPs required
for the consolidation of those memory traces. In sum, the
final behavioral outcome will result in accordance with the
type of learning tasks, their training conditions, and temporal
protocol schedule. The question that emerges here is if there
is some experimental evidence about the identity of the tag,
the PRPs, or any support for their specific capture. In the
next section, we summarize relevant information about these
issues.

6. Searching Candidates for Tag and
PRPs—Cellular Evidences for PRP
Recruitment to Tag Sites

There are several criteria to be satisfied by a synaptic tag
[23, 83–87]: a tag can be set by different stimulations able to
induce early or late forms of synaptic plasticity; the lifetime
of a tag is transient during less than 2 h but may be extended
by metaplastic influences [88]; the activation of a tag does
not require protein synthesis; a tag is induced in an input-
specific manner and is relatively immobile; and finally a
tag must interact with (and therefore capture) the PRPs to
stabilize a late plastic changes. Extending these assumptions
to the memory field, a learning tag was also defined, where
a behavioral training can induce a kind of mark to signal
the place and the critical time where different products could
interact to allow LTM formation [32, 86, 89, 90].

A postulate of STC and BT hypotheses is that the tagged
sites should capture PRPs in order to establish long-term
plasticity or memory, respectively. Some empirical evidences
supporting this enunciatewill be summarized here.Matsuo et
al. [91] developed transgenic mice to monitor the trafficking
and turnover of newly synthesized AMPARs induced at the
time of learning in a fear conditioning paradigm. These
transgenic mice expressed the GluA1 subunit fused to green
fluorescent protein under control of the c-fos promoter. The
results show a preferential recruitment of newly synthesized
green GluA1 to mushroom-type spines in adult hippocampal
CA1 neurons one day after training, suggesting that the
learning induces changes in some spines allowing the capture
of PRPs at later time points. The authors conclude that
a synaptic tagging mechanism operates during behavioral
learning and implicated GluR1-containing AMPARs as one of
the cargo molecules selectively delivered to tagged synapses.

Another data supporting the synaptic taggingmechanism
consists in input-specific spine entry of Vesl-1S (Homer 1a)
protein triggered by the activation of N-methyl-D-aspartate
(NMDA) receptor [92]. The authors trace the transport of
an EGFP-fused form of Vesl-1S, which is synthesized in
soma, into the dendritic spines of rat hippocampal neurons
in primary cultures. They observed that the green protein
stayed in dendrites unless the NMDA receptor was locally
stimulated in the spines. This activity-dependent trapping
was independent of protein synthesis. On the basis of these
results, the authors propose that Vesl-1S protein is a PRP that
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behaves in a manner consistent with the synaptic tagging
hypothesis.

Capture/utilization of PRPs at tagged sites enables lasting
changes in the synaptic efficacy at those sites, allowing L-LTP
stabilization after aweak stimulation that normally induces e-
LTP. This was usually measured as the average response of a
population of stimulated synapses [23, 93]. To demonstrate
this phenomenon at single-synapse level, Tonegawa’s lab
developed a method that permits local stimulations. They
used two-photon glutamate uncaging at single spines on
dendritic branches of CA1 pyramidal neurons andmonitored
the spine volume change as a measure of both L-LTP and e-
LTP [72]. They studied how L-LTP induction at a given spine
affected other spines. A STC mechanism was observed when
a strongly stimulated spine facilitated induction of L-LTP at a
neighboring weakly stimulated spine. This phenomenon was
dependent on protein synthesis induced by strong stimulated
spine because no growth was seen at any spine if protein
synthesis was blocked throughout the experiment using
either anisomycin or cycloheximide. They found that STC is
temporally asymmetric, spatially localized, and biased toward
stimulated spines that reside on the same dendritic branch.
The authors proposed amodel named the Clustered Plasticity
Hypothesis where the capture of protein is favored for closer
synapses in a dendritic branch and there is less protein
available to synapses farther away [72].

Although the classical STC theory proposes a cell body-
initiated gene expression in order to provide PRPs, a local
protein synthesis at individual synapses is also possible. In
that sense, a reductionist model termed “synaptic sushi belt”
[94] unifies these alternatives by means of ribonucleopro-
tein particles (RNP) transport by motor proteins along the
cytoskeleton leading the diffusion and trapping by a localized
anchor. They postulate a constant bidirectional transport of
RNPs in dendrites ofmature neurons, being only the synapses
that have been previously activated (tagged) able to capture
this RNP from the cell body allowing the local translation of
specific transcripts.

In the following, we will describe the molecular and
cellular data obtained for tags and PRPs in behavioral models
of learning and memory.

7. Mechanisms Involved in Learning Tag
Setting and PRP Synthesis in BT Process

The BT hypothesis relies on a mechanism composed of two
complementary processes: the setting of a learning tag and
the synthesis of those PRPs that once captured by the tag
will allow the storage of a memory for long periods of time.
However, a learning leading to LTM formation initiates both
processes simultaneously. Thus, these processes could be
studied and evidenced only by dissecting them through a dual
task BT protocol. The methodological approach relies on the
local infusion of drugs around the time of learning task or
around the time of the event that induces PRPs synthesis.
Therefore, any intervention capable of disrupting the learning
tag should result in an irreparable amnesia.However, amnesia
caused by interference to the synthesis of PRPs should be
prevented or rescued by providing external PRPs suitable to

be captured by tag. Here, we summarized data concerning the
mechanisms underlying these complementary processes.

A common characteristic of the tagging and capture
research relies on the fact that most of the strong events
that served as PRPs providers to promote lasting memories
or that reinforced synaptic plasticity had the singularity of
being either a novel experience or a familiar experience
with a novel component [32, 38, 39, 44, 47, 53, 54, 64].
Novelty detection has been consistently linked in many
ways to the activation of the ventral tegmental area (VTA)
and the locus coeruleus (LC), as well as to the release of
dopamine and adrenaline in several brain structures [95–99].
In turn, dopaminergic and adrenergic receptors activation
triggers different second messenger cascade that can result
in gene transcription and eventual translation process. Thus,
it is not surprising that these systems were the first to be
studied as candidates for controlling the synthesis of PRPs
triggered by novelty. This dopaminergic dependence was
first reported in functional plasticity. Both Li and colleagues
[38] and Straube and collaborators [39] observed that antag-
onizing the dopaminergic receptors in the hippocampus
at the moment of a novel experience completely impaired
the novelty-dependent reinforcement of e-LTP into L-LTP.
First behavioral clues were provided by Moncada and Viola
[32] working with the IA task. This work showed that the
promotion of IA-LTM, triggered by the exploration of a novel
OF 1 h before a wIA training, was impaired by the infusion
of the D1/D5-dopaminergic receptor antagonist SCH23390
(SCH) in the dorsal hippocampus 10min before the novelty
session. Years later, similar results were obtained when the 𝛽-
adrenergic antagonist propranolol was infused into the dorsal
hippocampus [89]. Moreover, dopamine receptors were also
required in the BT models based on the schemas and
WMmemories, in which antagonizing D1/D5-dopaminergic
receptors during the associated novel experience impaired
the promoting effect over the schemas-LTM and the novelty
dependent prevention of the stress-induced amnesia over the
WM-LTM [44, 64].

Further evidence, supporting that these receptors may be
responsible for triggering the synthesis of PRPs, came from
experiments using amimicking strategy instead of a blocking
strategy. In this case, the replacement of the novel experience
by intraperitoneal administration of dopaminergic (SKF
38393) or adrenergic (dobutamine) agonists before a wIA
training leads to a promotion of IA-LTM. This promoting
influence was observed when drugs were injected 70 but
not 180min before training, showing a time windows of
efficacy remarkably consistent to that observed when novelty
was used as memory promoter. Moreover, the effect was
completely blocked by the infusion of anisomycin or emetine
into the dorsal hippocampus, showing that SKF 38393 and
dobutamine promote IA-LTM through a protein synthesis
dependent mechanism that occurs there where memory
information is being processed [89].

Taking into consideration that memories require their
particular set of proteins to be consolidated, the previous
series of experiments encouraged us to think that those
mechanisms used by novelty to promote memory could be
the same mechanism triggered by a strong training capable
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of inducing lasting memories.This issue was analyzed for the
IA task by studying the role of D1/D5-dopaminergic and 𝛽-
adrenergic during strong trainings induced LTM. Here it was
shown that IA-LTM induced by sIA training was completely
blocked if learning session occurred 10min after the infusion
of either SCH23390 or propranolol in the hippocampus.
Interestingly, this amnesia was prevented when animals were
let to explore a novel OF 60min before the sIA training. The
fact that this amnesia could be reverted by the exploration
to a novel arena shows that neither dopaminergic nor
adrenergic receptors were involved in the setting of the IA-
learning tag; but on the contrary, they should be affecting the
synthesis of PRPs triggered by the strong training. Moreover,
further infusion of anisomycin after novel OF impaired its
preventive effect [89]. Indeed, the protein dependence of
the preventive effect puts into evidence that the activation
of D1/D5-dopaminergic and 𝛽-adrenergic receptors, in the
hippocampus during sIA training, is specifically involved in
the regulation of the synthesis of those PRPs required for
the consolidation of this memory. Recent research, presented
at the Neuroscience Forum, also showed that VTA and LC
activation are responsible for controlling the consolidation of
the IA and SORmemories by regulating the synthesis of PRPs
in the hippocampus [100]. Thinking in these structures as
responsible for controlling the synthesis of PRPs may explain
how the alteration in dopaminergic and adrenergic systems
around the learning of different tasks results either in the
impairment, modulation, or promotion of lasting memories.
A total absence of PRPs would induce amnesia, providing
PRPs to a learning experience unable to induce their synthesis
which would result in promotion of that memory, and
finally, modulation in protein expression should result in the
formation of better or worst LTMs.

In contrast to these catecholaminergic receptors, which
have been shown to be required in the hippocampus for
the formation of LTMs but not of STM, NMDA glutamate
receptors resulted to be essential for both of them [89].
Moreover, the infusion of NMDA receptor antagonist AP-V
in the dorsal hippocampus before aweak or strong IA training
resulted in the absence of IA-LTM even when animals had
been also submitted to explore a novel arena 60min before
IA learning session [89]. As PRPs synthesized by action
of novelty were available to be used by IA-learning tags
to allow memory consolidation, the absence of IA-LTM
shows that NMDA receptors activity is essential for the
setting of the IA learning tags. Similar results were obtained
by Cassini and colleagues [63] who have shown that the
promotion of SOR-LTM, by aCFC reconsolidation event, was
completely impaired by the blockingNMDA receptors before
SOR training. Beyond the novel role of NMDA receptors
in the setting of a learning tag, there is an extensive body
of evidence showing that their activation triggers different
signal transduction processes leading to the synthesis of
proteins that can be used during consolidation [33, 101–103].
Thus, we think that NMDA receptors play a dual role being
responsible for triggering events that set the learning tag
and events that induce the synthesis of PRPs. Actually, BT
experiments in which the local infusion of AP-V, previous to
a novel OF session, impaired the usual promotion of a lasting

IA-memory suggest the involvement of NMDA receptor in
the protein synthesis process [89].

NMDA receptors might be essential for the learning tag,
but they are not the tag itself. Indeed, either at functional plas-
ticity or behavioral level, the tag is considered an ensemble of
molecules tending to modify the morphology of the dendrite
[87, 104, 105].Thus, it is reasonable to think in NMDA recep-
tors as one of the first echelons of the tagging machinery. But
the complete configuration of the tag is an enigma that started
to be studied at synaptic and behavioral level since the first
moments in which the theories were postulated. In that sense,
protein kinases were always interesting targets of research
due to their fast activation and to their speed in modifying
the response of receptors and structural morphology of the
spines. Some particular kinases such as 𝛼CAMKII, PKA,
and ERK1/2 are involved in the formation of LTM since the
very first moments after learning, making them interesting
candidates as tag components [5, 33]. Their specific role in
the BT process was studied using a wIA training in two tasks
experimental design.There, the hippocampal infusion ofKN-
62 (𝛼CAMKII inhibitor) or Rp-AMPc (PKA inhibitor) 10min
before or 15min after wIA, but not 1 h after it, impaired IA-
LTM promoted by the exposure to a novel arena 1 h before
training [89]. A third kinase, PKM𝜁, resulted to be partially
necessary in the very initial moments of the tag setting but
was shown to be required even 1 h after wIA training [41].
In contrast, neither U0126 (MEK inhibitor) nor anisomycin
was able to impair the promoting effect of novelty when
infused into the dorsal hippocampus close to a wIA training.
These results suggest that 𝛼CAMKII, PKA, and PKM𝜁 play
an essential role in the setting of the IA learning tag, while its
machinery does not require the activity of ERKs 1/2 neither
the synthesis of further proteins [89]. Additional informa-
tion of the learning tag machinery came from experiments
performed with TrkB knock-in mice in the step through IA
task. Lu and collaborators [46] demonstrated that inhibition
of this receptor’s kinase activity, during a weak training, also
impaired the promotion process induced by novelty. In the
same work they presented analogue in vitro experiments,
showing that TrkB inhibition during a weak tetanization
protocol also blocked the reinforcing effect of e-LTP into
L-LTP by an associated strong tetanization of a confluent
path and postulated this receptor as potential component of
the learning and synaptic tags [46]. Interestingly, while the
setting of IA-learning tag as well as LTP- and LTD-tags is
protein synthesis independent processes, recent experiments
showed that the tag setting during CFC extinction learning
might depend on it [54]. Interestingly, this tagging process
seems to be dependent on NMDA and L-VDCCs receptors as
well as protein synthesis, through amechanism that relays on
the proteasome ubiquitin-mediated protein turnover [90].

In general, all the components of the tagging machinery
in behavior are consistent with those identified in the electro-
physiological model of synaptic tagging. Functional plasticity
experiments show that CAMKII is specifically required for
the setting of the synaptic tag while CAMKIV is recruited
in the soma via CAMKK to regulate the synthesis of PRPs
[106]. Interestingly 𝛼CAMKII has been shown to be required
for the setting of LTP tags in the apical compartment of
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the pyramidal cell in CA1 region of the hippocampus, while
PKA and PKM𝜁 seem to be responsible for setting the tag
at the basal region [28, 106, 107]. The fact that CAMKII and
PKA are essential for the setting of the learning tag with
the same time requirements but that both could be acting
at different neuronal compartments opens the question of
whether they are required for processing and storing different
aspects of IA memory. The requirement of PKM𝜁 in the BT
process presents different dynamics being required even 1 h
after wIA learning suggesting that it may be required for a
late maintenance of the learning tag. Therefore, this kinase
that has been shown to be required for late maintenance
of memory and functional plasticity processes [108] could
be also required to maintain early plastic changes in the
learning tag as well. In this direction, suggestive evidence
has shown that PKM𝜁 controls metaplastic changes of the
synaptic tag, through the regulation of the trafficking and
degradation AMPA receptors, allowing a prolongation of the
time in which transient potentiation can be reinforced into L-
LTP [31, 109–111]. Up to now, the role of PKM𝜁 in long-term
memory and plasticity processes is currently in the center of
a debate due to experiments performed with knockout mice,
reporting normal learning and possible nonspecific Myr-zip
blockade [112, 113] and more recent information showing
that PKM𝜁 is compensated in knockout mice and confirming
Myr-zip as a potent competitive inhibitor of PKM𝜁 in
neurons [114–117]. Nevertheless, we think that the amount
of information linking this kinase to different processes and
phases of synaptic plasticity and memory formation defines
its importance as relevant and viable participant in neuronal
representations of memory.

In contrast, ERK1/2 kinases have been shown to be
required specifically for the setting of synaptic-tags associated
with LTD [107, 118]. Thus, the lack of requirement of ERK
kinases for the setting of the IA-tags is consistent with the idea
that avoidance memory might be processed by mechanisms
associated with LTP induction [13]. Interestingly, recent
findings show that exploration of novel objects promotes
avoidance memory through a LTD-like process [47]. Thus,
a possible processing of spatial novelty through this kind
of mechanism, could lead to impairment or resetting of
probably LTP-like IA tags.

In sum, up to now the processes leading to the synthesis
of PRPs seem to rely on dopaminergic and adrenergic
systems, as well as on the requirement of NMDA receptors,
with Arc and TrkB being two of the possible PRPs to
be captured. On the other site the setting of the learning
tag has been shown to be independent of PRPs synthesis
and relying on NMDA receptors functionality as well as
𝛼CAMKII, PKA, PKMz, andTrkB.Most of thesemechanisms
that were reported using the IA-novel OF BT model but
confirmed in schemas and WM spatial memory tasks are
summarized in Figure 4. BT machinery has also been shown
to be coincident with the mechanisms reported in the STC
process for LTP. Nevertheless, a remarkable difference has
been shown for the CFC-tag of extinction, which seems to
rely on protein synthesis and to be independent of CAMKII
activity.

In the next section we will show some evidences of a
second round of tagging acting on a late consolidation phase
required for late persistence of memory.

8. Is There a BT Mechanism Leading to
LTM Persistence?

It is well known that a late BDNF (brain-derived neurotrophic
factor) and protein synthesis dependent phase of memory
formation, occurring around 12 h after strong IA training in
the dorsal hippocampus, is required for memory persistence
[6, 119, 120]. Expanding the postulates of STC hypothesis
and its BT translation, we further think that beside the
tagging process displayed in memory consolidation, some
“retagging” of specific sites would occur late after training
enabling memory persistence through the capture of these
late PRPs. So, we propose that a learning experience able to
induce a LTM could signal at least two marks separated in
time (immediate after IA training and 11-12 h later), which
capture PRPs to allow, in first instance, the consolidation of
a LTM and then to grant its persistence for longer periods of
time (Figure 5).

Based on the promoting effect of a novel OF exploration
on IA-LTM formation [32] and considering the late protein
synthesis window after a strong IA training, we tested if it
was possible to promote a persistent memory (named L-
LTM, operatively measured 7 days after training) from a
IA training that induced a LTM that decay after a couple
of days. For that mean, rats were submitted to a novel
OF exploration 11 h after a IA training session, which only
induces LTM, and IA memory evaluated after 7 days, to
analyze whether its persistence was enabled as a result of
applying this protocol. Our results strongly suggest that
this IA training would create a maintenance-specific tag
where PRPs provided by the OF are employed to enable
the persistence of the IA memory, resulting in L-LTM [121].
The exposure to a novel OF is effective in the promotion
of L-LTM only when novelty occurs around 11 h after IA-
training, and it is ineffective outside this temporal window
[121].This strongly suggests that not only the PRPs delivery is
important, but it is also essential that the system is prepared
(“retagged”) to use the products derived from the novel
experience. This effect on memory persistence requires the
activation of dopamine D1/D5 receptors and Arc expression
in the dorsal hippocampus around OF exploration [121]. In
line with these results, it was previously observed that either
a stressful event or the administration of corticosterone 12 h
after a contextual fear conditioning selectively prolongs the
persistence of this LTM [122].The effects induced by the stress
were prevented by systemic administration of metyrapone, a
corticosterone synthesis inhibitor.

The idea that a strong learning could set a late but tran-
sient “maintenance tag” opens wide scenery where capture as
well as competence for PRPs several hours after acquisition
affects memory survival. This offers a behavioral strategy
to improve or potentially impair the durability of memory
traces, helping to memorize some events or to forget some
others.
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Figure 4: Strategies used to study the processes related to the setting of the learning tag and the PRPs synthesis in BT models. Weak training
induces short- but not long-termmemory and sets a leaning tag (dashed circle). The strong experience or different drugs (dopaminergic and
adrenergic agonists) induces the synthesis of PRPs (red circle) that can be used to allow memory consolidation for a weak learning (green
path).The local infusion of different inhibitory drugs (i.e., 𝛼CAMKII, PKA inhibitors, PKM𝜁 blocker, or NMDA receptor antagonist) in brain
structures close to the weak training can interfere with the proper setting and/or maintenance of the learning tag, impairing the promotion of
LTM (red path). The local infusion of different drugs (i.e., protein synthesis inhibitors, antisense oligonucleotides, or D1/D5-dopaminergic,
b-adrenergic, and NMDA receptors antagonists) in the target structure at the moment of PRPs synthesis also impaired the promotion of LTM
(red path). Kinase activity requirement of TrkB receptor for both processes has been shown using Knock-in mice (see [43, 46, 54, 63, 64, 89]).

9. BT in Human Memory

The consistent amount of evidence supporting that the for-
mation of lasting memories occurs in rodent models through
BT mechanisms leads directly to question whether human
memories can be established through this process as well.
The study of BT in humans has important constrains; in
particular, the study of PRP synthesis dependency is not
possible. Nevertheless different strategies can be applied to
infer such a BT process underlying human memories. A
first report supporting this assumption came from activities
performed with students of Argentinean elementary schools.
By using a similar approach to those previously mentioned,
we analyzed the memory for either literary or graphical
activities when these were combined or not with novel and
familiar experiences. Activities were conducted inside the
school and were leaded by the corresponding teachers under
our supervision. We observed that certain groups of students
that also attended a novel science lesson presented important
improvements in LTM for both activities. This effect was
observed when the novelty was presented one, but not four
hours, before or after the learning lesson and was particularly
strong on those components difficult to remember [69, 123].
Similar improvements were observed when the students
attended a novel music lesson instead of a science one, but
this effect was absent when this lesson was familiar because
they had already attended it two times before in the previous
weeks. Another interesting property relies on the task’s time
specificity of this process. When students learnt about two
different activities separated for 3 h, instead of merely one,

and they attended the novel science lesson 1 h after the second
activity, they only presented memory improvements over
aspects of the activity closer to the novelty [69]. Overall,
these experiments show that a novel pedagogic experience,
during regular school time schedule, can improve memory
of different activities performed with the students’ teacher.
Since novelty improves memory also when presented after
the activity, this effect cannot be awarded to changes in the
attention levels of the students or in the basal conditions
of learning, stressing the idea that novelty effects may be
acting through a BT mechanism. In that sense, students that
observed an emotionally arousing video after a lecture in
a psychology course evidenced an enhanced memory two
weeks after the experimental manipulation [124]. Also, nov-
elty is efficient to promote LTMwhen it is experienced before
the learning class. In accordance with this view, Schomaker
and coworkers [125] found that when people experienced a
video novel environment exploration before a word learning
task, they had a memory improvement of the words during a
free recall phase. Since memory enhancement is found when
the novelty arousing experience occurs before and after the
learning occurs, this improvement probably cannot derive
from an arousal state or from lowering the threshold to learn.
We postulate an alternative idea based on the involvement of
BT mechanism in these memory processes.

Neurobiological research has recently confirmed that
entrance of new information into LTM depends on neural
activity triggered by novel or rewarding aspects of the
stimulus to be encoded [126]. Our results fit well with current
theories and show that the role of novelty is broader than
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Figure 5: Behavioral tagging in LTM-persistence. In the life of a memory could be at least two rounds of tags. (a) At the time of a weak
training, a learning tag is set (dashed circle). However, as there are no PRPs synthesis, consolidation does not occur. (b) A strong training per-
se triggers two processes: the setting of a learning tag and the synthesis of PRPs (red circle).The capture of these products by the learning tags
led the formation of a LTM (usually tested 1 day after training).Moreover, we postulated that the strong training also induces in a delay fashion
a second round of tagging (maintenance tag) emerging at 11 h after training (dashed-dotted circle). (c) A stronger training (persistence strong
training), will allow memory to persist at least for a week (L-LTM). This persistent expression of memory could depend on the capability of
a late established maintenance tag (dashed-dotted circle) to use/capture PRPs (red circle) derived of a late wave of protein synthesis. It was
reported that this very strong training session induces a delay window of protein synthesis on which its memory persistence relies. Also, in the
case of a strong training session (which induce only LTM), PRPs provided by a pharmacological intervention or by a behavioral experience
can promote L-LTM if they are available around the time of the maintenance tag.

previously considered. In accordance with our findings, Gru-
ber et al. [127] observed that people found it easier to learn
about topics that interested them. Perhaps pursuing the same
basic inquiry of us, in this work, it was used fMRI to investi-
gate how curiosity influenced memory. Healthy individuals
showed improved memory formation for information that
they were curious about and for incidental material learned
during states of high curiosity, evaluated in both immediate
and one-day-delayed memory tests. It was in those states
that fMRI revealed an enhanced activity in the midbrain
and in the nucleus accumbens. Moreover, it was postulated
that item generalization is associated with a tight coupling
between activity in hippocampus and dopaminergic mid-
brain areas. Authors proposed that the release of dopamine
in the hippocampus strengthens the encoding of both past
and present features into an integrated representation. Even

more, they envisioned the process as associations between
synaptic tags across trials, where the dopamine release could
complete these associations contributing to the acquisition of
generalization [128].

Different strategies have been used in an attempt to
improve LTM expression of information learned in class.
One of them consists in retrieving information several times
during learning. Then, in a final test session performed
a week later, the group of students which performed this
retrieval practice recalled substantially more word pairs than
those who did not practice the words [129]. Another way
to achieve better memory performance was by transferring
the benefits related to training executive functions. Goldin
et al. [130] found that this intervention elicits transfer to
some (but not all) facets of executive function. However, the
incorporation of a novel class at the right times represents
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a quick nonexpensive methodology (it only requires a novel
session of 20 minutes) that can be easily implemented by
teachers in the school in order to improve the long-term
memory expression. This kind of activities support the idea
that BTmight be acting in the formation of humanmemories
as well, providing an interesting strategy to boost teaching
activities by using novel pedagogic tasks to improve memory
for those assignments of difficult learning.

Finally, a work was recently published contributing to
reveal the process of behavioral tagging in humans, showing
that strong experiences associated with a weak learning
improved its LTM expression [131]. Adult humans were
trained using novel images from two picture categories
(animals and tools). After few minutes, they were submitted
to a Pavlovian fear conditioning based on pairing electric
shocks with some pictures belonging to one of the categories
in a counterbalanced way, while the images from the other
category were unpaired. After that, a novel series of images
were shown to the subjects and a surprise recognition
memory test was performed immediately, 6 h and 24 h after
training. The results suggested that memory for neutral
objects was selectively enhanced if other objects from the
same category were paired with shock. These enhancements
were observed following a period of consolidation, but not
in an immediate memory test or for items strongly encoded
before fear conditioning.

10. Concluding Remarks

The coincidence between the main attributes of memory
and synaptic models of long-term plasticity, in relation
to specificity and persistence, leads to the formulation of
the synaptic plasticity and memory hypothesis [12]. In this
review, we focused on the mechanism postulated to explain
input specificity either in synaptic plasticity or in memory
formation.The STChypothesis was originated in 1997 by Frey
andMorris, introducing the idea that there is a temporal win-
dow shortly after LTP induction in which PRPs are targeted
selectively to activated synapses in order to establish a long-
lasting form of potentiation. Ten years after the proposal of
this hypothesis, it was demonstrated that an analogous BT
process also operates in a living animal when a LTM is being
formed from a weak experience. Following these seminal
discoveries [23, 32], a wide range of scientific reports fueled
the idea of tagging and capture processes either in plasticity
or in memory models. Along this review, we referred to the
features shared by STC and BT processes and here we list the
top ten analogies between them as follows.

(1) A strong event helps to establish a persistent form of
plasticity associated with another weak event.

(2) Thismechanism is dependent on the protein synthesis
induced by the strong event.

(3) It is also dependent on a tag set by the weak event.
(4) It was described that tags have a short half-life and

PRPs possess a kinetic of synthesis and degradation,
both of themdisplaying particular distributions in the
space.

(5) Thus, the strong event is effective when occurring in
a critical time window around the weak one.

(6) This time window is biphasic, displaying one phase
before and the other after the weak event.

(7) The strong event induces PRPs but if it is too close to
the weak event can result in lack of promotion due to
the impairment in setting or maintaining the tag of
the weak training/stimulus.

(8) It is required that both events activate a common
neuronal population.

(9) Under limited PRPs availability, a competition for
capture of PRPs by different kind of tagswas observed,
resulting in attenuation of any of the plastic processes.

(10) Similar cellular machinery and neurotransmitter sys-
tems seem to be recruited for the setting of the tag and
the synthesis of PRPs in both BT and STC processes.

Consistent with these analogies, the core information
presented in this review shows the effect of a novel experience
on the promotion of LTM formation induced by a weak
learning. This effect was explained using the BT hypothesis,
which postulates that PRPs provided by novelty are used
to originate LTM for a weak learning when they are cap-
tured by the specific learning tags. In the past seven years,
several research groups have worked on the BT process
demonstrating that it was observed in operant and Pavlovian
aversive paradigms, in the formation of extinction and SOR
memories as well as in other tasks based on spatial learning
[32, 44, 46, 47, 53, 54, 63–65, 89, 121]. Moreover, a similar
phenomenonwas observed in school childrenwho had learnt
about a story or drawing [69] and in adults who learnt a list
of pictures [131], suggesting the generality of the process in
long-lasting memory formation. However, there is no data
for motor, habit, or procedural learning where an implicit
memory is established aftermultiple similar training sessions.
In those cases, the possibility exists that the learning tag
could be reinstalled in each session and the PRPs provided by
metaplastic processes emerging from the summation of trails
or by surrounding experiences.

This review also deepened in some aspects about the
nature of learning tag, in the identification of PRPs involved
in the process [43, 46, 54, 63, 64, 89], and the existence of a
“maintenance tag” set lately after a persistent strong learning
[121]. Finally, data was summarized related to the existence
of competition for PRPs leading to memory interference as
well as LTM improvements triggered by providingmore PRPs
through multiple strong events associated to a weak training
[43].

From an adaptive perspective of memory, the BT process
may have result successful in nature because weak experi-
ences can gain meaning if they are accompanied by relevant
events. This could assist animals to remember circumstances
associated with experiences of high significance useful for
predicting and controlling important events in the future.
Under particular circumstances (lowPRPs levels) this process
helps the weak memory trace in detriment of the strong one.
However, some very strong event could trigger redundant
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mechanisms of storage and the BT process could undergo
without harming any memory traces.

11. Debating New Perspectives

So experiments described in this review were designed to
test the BT hypothesis. The overall results satisfied the
predictions of this model, gathering enough information to
postulate that the formation of LTMs involves the setting
of a learning tag, the synthesis of PRPs, and their further
capture by those tags. However, could the process of LTM
formation involve other plastic mechanisms? The obvious
answer is yes. Regarding this, the “behavioral metaplasticity”
term was recently incorporated indicating that memories
can be primed by prior experience or stimulus [132–135].
This represents a behavioral adaptation from the original
concept of metaplasticity defined as a prior activity in a
network that will greatly influence the future probability of
synaptic strengthening [136]. Parsons and Davis [133] trained
rats with a single pairing, of a light pulse and shock, which
resulted insufficient to induce short-term or long-term fear
memory. Nevertheless, this pairing was successful to prime
a future learning of another identical trial delivered later,
allowing the formation of a long-lasting and robust fear LTM,
through a metaplastic effect that required PKA signaling in
the amygdala. Similarly, a delayed conditioning between a
sound and a shock, which usually does not express LTM in
rats, is susceptible to a metaplastic mechanism triggered by
a stimulation that induces LTD immediately before training,
to permit LTM formation [135]. The authors found that
CA1 mGluR5 is critical for the acquisition of this associative
memory that has a temporal processing component.

Taking these results into consideration, are BT and
behavioral metaplasticity process mutually exclusive? To our
vision the answer is no. A possible explanation contemplates
that the first trial serves to lower the threshold for tagging
and capture events induced by the later trial, promoting
LTM formation. In fact there are some examples of meta-
plasticity affecting synaptic tagging processes: the induction
by ryanodine receptor activation or synaptic activation of
metabotropic glutamate receptors prolongs the durability of
the synaptic tag extending the time window for associative
interactions between stimuli [88]. Also priming stimulation
through the activation of metabotropic glutamate receptors
adjusts thresholds for functional plasticity through the local
synthesis of PKM𝜁. This metaplastic process operates within
dendrite clusters [31]. Also BDNF might be itself a PRP and
it might be able to orchestrate the plasticity threshold for a
whole cluster of synapses and might therefore be involved
in processes of metaplasticity [137]. At behavioral level, it
was reported that sometimes the first training session has
promoting effects on LTM formation for a further learning
experience and sometimes has a negative effect on it [138]. In
particular, novel exploration session immediately previous to
a weak training did not promote the IA-LTM formation and
impaired further promotion [41]. In this context, a possible
explanation would be that OF exposure induces metaplastic
changes in the network interfering with the setting or stabi-
lization of IA learning tag. In contrast, promoting effects were

found on LTM formation due to novel events experienced
between 15min to 2 hours apart from the weak learning. The
fact that the promoting phenomenon is protein synthesis-
dependent and operates in a temporal biphasic way, before
and after the learning session, supports the notion that BT
process could be involved in LTM formation. In sum, by
extending the time frame in which events can be associated
at a synaptic level and biasing synapses towards a plasticity-
conducive state, synaptic tagging and metaplasticity provide
potent mechanisms for enhancing memory quality in the
brain [110]. Actually, it was presented an extended view
that integrates neuronal allocation, synaptic tagging and
capture, spine clustering, and metaplastic processes, tending
to explain the exact sites where memories are stored [139].

In our opinion some hypothetical predictions of the BT
hypothesis still remain to be addressed. Regarding the tag
setting, it is not determined yet if different learning tasks
set different kinds of learning tags. Neither if there are any
differences in the quality and/or quantity of learning tags
between different experiences intensity. Moreover, it will be
interesting to test if metaplasticity affects the setting or the
half-life of learning tags in a similar way as it was reported in
synaptic plasticity model [88]. Also considering our postula-
tion of “maintenance tagging,” could memory reactivation or
retrieval induce a retagging of the activated inputs? Would
this mechanism be involved in the reconsolidation of a
memory trace? On the other hand, regarding the PRPs source
in BT protocols, it would be interesting to characterize the
type of event able to induce synthesis of proteins useful
for LTM formation. There is some information in this
matter [53, 63, 65]; however, it would be nice to perform a
correlation between the synaptic plastic changes associated
to the different types of learning used. Finally, other main
questions are unresolved. Are learning tags being set and
PRPs captured effectively at synaptic level? Does BT also
operate in invertebrates as well? Given the remarkable degree
of conservation of memory mechanisms observed across
species widely separated by evolution, as well as data at
synaptic level [140], this last question deserves investigation.
These and many other questions will be probably answered
in the near future. By now, BT hypothesis represents a wide
framework to study and analyze memory processes, offering
a consistent structure able to explain promotion,modulation,
and interference in the formation of lasting memories.
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The retrosplenial cortex (RSC) is reciprocally connected with the hippocampus and various parahippocampal cortical regions,
suggesting that RSC is well-positioned to contribute to hippocampal-dependent memory. Consistent with this, substantial
behavioral evidence indicates that RSC is essential for consolidating and/or retrieving contextual and spatial memories. In addition,
there is growing evidence that RSC neurons undergo activity-dependent plastic changes during memory formation and retrieval.
In this paper we review both the behavioral and cellular/molecular data and posit that the RSC has a particularly important role
in the storage and retrieval of spatial and contextual memories perhaps due its involvement in binding together multiple cues in
the environment. We identify remaining questions and avenues for future research that take advantage of emerging methods to
selectively manipulate RSC neurons both spatially and temporally and to image the RSC in awake, behaving animals.

1. Introduction

The retrosplenial cortex (RSC) is positioned at the interface
between sensory cortical regions and themyriad of structures
that compose the parahippocampal-hippocampal memory
network. Importantly, the connections between RSC and
these structures are reciprocal (i.e., afferent and efferent),
suggesting that RSC not only contributes incoming sensory
information to the hippocampus, but may also serve as a
critical site of information storage.

In this paper we consider the cellular and behavioral
evidence that supports the involvement of RSC in spatial and
contextual memory. We begin by considering the functional
neuroanatomy of RSC and provide a working model of the
nature of information processing within RSC during learning
and memory. We then discuss the results of lesion and
inactivation studies that demonstrate the involvement of RSC
in the consolidation and/or retrieval of spatial and contextual
memories.This is followed by a review of recent studies of the
contribution of RSC to the extinction of fear memory. Next,
we turn to evidence of memory-related changes in neuronal
function (i.e., neural plasticity) in RSC. Finally, we conclude
by positing a specific role for RSC in long-term memory and

suggest avenues for future research. Studies using laboratory
rodents are emphasized because the bulk of the research
on plasticity molecules and manipulations of RSC has been
carried out in rats. Additionally, other recent reviews have
aptly considered the findings from neuroimaging and other
approaches used to study RSC in primates [1, 2].

2. Connectivity of the Retrosplenial Cortex

The RSC is a relatively large, polymodal midline structure
that extends ∼8mm along the rostrocaudal axis of the
rat brain (Figure 1). Among its various connections, RSC
receives input from visuospatial cortical sensory areas and
has strong reciprocal connections with visual cortex (areas
17 and 18b), cingulate cortex, and multiple parahippocampal
regions (postrhinal cortex, medial entorhinal cortex, and the
postsubiculum) as well as the hippocampus itself [3–11], as
show in Figure 2. The thalamic connections of RSC include
both afferent and efferent connections with anterior and
lateral thalamic nuclei [12, 13], structures that are involved
in processing spatial information [14]. Thus, RSC is suited
as a sensory integration center [7, 8, 15] located at the
interface between visuospatial cortical and thalamic regions
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Figure 1: Schematic diagram illustrating the rostrocaudal extent of
the RSC (black fill) in rats. Adapted from Paxinos and Watson [91].

and structures composing the hippocampal memory system
[9–11, 16].

3. What Is the Functional Contribution of RSC
to Learning and Memory?

The pattern of connectivity between RSC and hippocampal-
parahippocampal structures suggests that RSC is well-
positioned to participate in hippocampal-dependent func-
tions. Consistent with this, a growing body of evidence
indicates that RSC is a critical component of the so-called
“where/when” pathway (Figure 2), a network of cortical
structures (which also includes the medial entorhinal cortex,
postrhinal cortex, and visuospatial regions) that provides
the hippocampus with information regarding the physical
and temporal context in which an object/event occurs [2,
17–22]. Processing contextual information involves several
different components, such as encoding and forming associ-
ations between the neutral sensory stimuli that compose an
environment, ascribing behavioral significance to those asso-
ciations (e.g., pairing with reinforcers), and updating stored
associations to account for new information (e.g., [23]). Based
on findings from prior behavioral studies [24–36], we and
others have proposed that a specific contribution of RSC
to processing where/when information may be forming and
storing the associations among the various sensory stimuli
that are present in a learning environment [1, 7, 37, 38].
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Figure 2:Major cortical and thalamic afferents and efferents of RSC.
Only the densest interconnections are illustrated for simplicity.

Furthermore, the extant data indicate that the role of RSC
in this process is not restricted only to physical stimuli
but also includes temporal stimuli [39] that can also define
the context in which an object or event is experienced
[40–43]. Conversely, consistent with its specific role in the
where/when circuit, RSC is not necessary for forming an
association between an individual conditioned stimulus (CS)
and an outcome (e.g., tone and shock [27, 28], c.f., [31]),
which instead is processed by a somewhat separate cortical
circuit (the “what” pathway consisting of regions including
perirhinal cortex and lateral entorhinal cortex [44]).

We recently tested the involvement of RSC in forming
associations between neutral sensory stimuli using a behav-
ioral paradigm, sensory preconditioning, which isolates the
formation of stimulus-stimulus associations from pairing
those stimuli with a reinforcer. During the preconditioning
phase of this procedure, rats were presented with serial
pairings of a tone and a light (each cue presentation was
5 sec in duration). On a subset of trials in each session
another auditory cue (white noise) was presented by itself.
Because no reinforcement was delivered during this phase,
rats had the opportunity to form an association between the
tone and light in the absence of any biologically significant
outcome. During the subsequent conditioning phase the light
was paired with a food reward. In a final test phase, the
tone and the white noise were presented alone on intermixed
trials. Normal rats exhibited more conditioned responding
to the preconditioned auditory cue (the tone) compared
to the unpaired cue (white noise) during the test session,
reflecting the formation of a stimulus-stimulus association
between the tone and the light during the preconditioning
session (i.e., sensory preconditioning [45–47]). In contrast,
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silencing RSC neurons during the preconditioning phase
eliminated the sensory preconditioning effect, suggesting
that the RSC is needed for forming the stimulus-stimulus
association between the tone and the light [48].

Interestingly, it has recently been shown that the hip-
pocampus is not active [49] nor necessary [50] for forming
the initial stimulus-stimulus associations in similar sensory
preconditioning paradigms. Together with the findings of
Robinson et al. [48], this supports the intriguing idea that
another region(s), such as RSC, forms the stimulus-stimulus
associations that the hippocampus then uses to form con-
textual and spatial representations which are subsequently
incorporated into existing schemas [7, 19, 34, 37, 38]. Rig-
orous testing of this idea awaits future study. Moreover,
because the sensory preconditioning procedures described
above used discrete and phasic stimuli like tones and lights,
caution should be exercised in drawing comparisons to the
formation of associations between sensory stimuli that are
static background cues, like those that compose a physical
context. That said, the process of forming stimulus-stimulus
associations is critical for learning about contexts and studies
of sensory preconditioning may thus inform how animals
learn about contexts.

4. Involvement of RSC in Memory
Storage and Retrieval

4.1. Contextual FearMemory. In experiments with laboratory
rodents, contexts are usually defined as the chambers in
which conditioning occurs and are composed of various
visual, tactile, and olfactory characteristics. In contextual fear
conditioning experiments, rats will exhibit freezing behavior
(immobility except for respiration) when they are returned
to a context where they have previously received a mild
foot shock [51], indicating that contexts can directly elicit
conditioned fear responses [42].

Evidence from lesion and inactivation studies suggests
that the RSC is necessary for recalling contextual memories.
Indeed, studies using contextual fear memory paradigms
have demonstrated that RSC is involved in postencoding
processes, such as the consolidation, storage, and/or retrieval
of previously formed associations between stimuli in the
environment. For example, permanent lesions of the RSC
carried out one day after training produce dramatic reduc-
tions in freezing behavior when the rats are placed back
in the training chamber after recovering from surgery [27].
Importantly, in the same study, RSC lesions had no effect
on fear conditioning to a discrete, Pavlovian CS (e.g., tone-
shock pairings, c.f., [31]). These findings indicate that RSC
is necessary particularly for the retrieval of contextual fear
memory. Interestingly, damage to RSC that takes place after
training has a greater effect on the retrieval of contextual
fear memory than lesions carried out prior to training. One
interpretation of this pattern of results is that in the absence
of a functioning RSC (i.e., pretraining lesion), other brain
systems or strategies may be able to at least partially com-
pensate during the encoding and/or retrieval of contextual
fear. However, in the intact brain, RSC may be part of the
preferred circuitry for processing contextual information.

Thus, damage to RSC after trainingmay have amore dramatic
effect on the retrieval of context fear memory since memory
formation was reliant on RSC.

Other studies have shown that NMDA glutamate recep-
tors in RSC are necessary for the retrieval of contextual fear
memories. For example, infusion of APV, an antagonist of
NMDA glutamate receptors, into the RSC prior to a memory
retrieval session reduces freezing to the context in which
conditioning had occurred either 1 day or 36 days earlier,
indicating that NMDA glutamate receptors in the RSC are
integral for the retrieval of contextual fear [52]. Moreover,
this effect was mimicked by specifically blocking NMDA
receptors that contain the NR2A subunit; administration
of an NR2B-selective antagonist was without effect. There
was also no effect of blocking AMPA glutamate receptors.
Consistent with the lesion data [27], blocking NMDA gluta-
mate receptors in RSC had no effect on the retrieval of fear
conditioned to a discrete, Pavlovian CS. Thus, the role of the
RSC in fear memory appears to be specific to the expression
of contextual fear memory.

Inhibitory avoidance is another behavioral paradigm that
involves learning and recalling that an aversive stimulus was
paired with a specific environment. In a typical inhibitory
avoidance task, rats are placed in the lighted side of a two-
compartment apparatus and voluntarily enter the darkened
compartment within a few seconds, since rats have a natural
aversion to brightly lit areas. Upon entry into the dark com-
partment a mild foot shock is delivered. Memory retrieval
is assessed by returning the rat to the lighted side at a later
time and measuring the latency to cross over into the dark
compartment. Intact rats avoid the dark compartment and
typically enter it only after a long period of time (e.g., several
minutes), indicative of the memory that it had previously
been paired with shock. Inhibitory avoidance memory is
impaired by temporary inactivation of neurons in the RSC
at the time of retrieval as evidenced by a reduction in the
latency to enter the dark compartment [53]. These data com-
plement those from studies of contextual fear conditioning
and support the involvement of RSC in recalling memories
for contexts.

4.2. Spatial Memory. Various studies using spatial memory
paradigms have also demonstrated that RSC is involved in
the consolidation, storage, and/or retrieval of associations
between stimuli in the environment. In the case of spatial
memory, organisms must learn and remember where rein-
forcement is located in the environment so that they can
successfully navigate to the item [54]. For example, in the
radial arm maze rats must learn which of the arms contains
a food item, and in the Morris water maze rats must learn
where a hidden escape platform is located in a pool of opaque
water. In both cases, rats learn about and use cues in the
environment to guide their behavior. Importantly, spatial
memory, like contextual fearmemory, relies upon the binding
of stimuli in the environment to form cohesive, conjunctive
representations [55, 56].

Several lines of evidence indicate that RSC has an integral
role in spatial memory [55, 57]. For example, temporary
inactivation of RSC neurons at the time of retrieval impairs
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performance in the water maze [58]. Other experiments
demonstrate that permanent lesions of RSC carried out after
training produce retrograde amnesia for spatial memories
[59]. For instance, lesioning RSC either 1 day or 4 weeks
after training produces deficits whenmemory is subsequently
tested after recovery from surgery. These findings indicate
that RSC is critical for retrieving spatial memories. Inter-
estingly, it has been shown that lesions of RSC carried out
prior to training also produce deficits in spatial memory,
particularly at longer training-to-testing intervals [59].

In summary, the use of permanent lesion or temporary
inactivation techniques indicates that RSC is necessary for the
consolidation, storage, and/or retrieval of contextual and spa-
tial memories. Additional studies that differentiate between
the involvement of RSC in memory consolidation, storage,
and retrieval are needed to pinpoint the specific timeframe
of RSC involvement in contextual memory. Nevertheless,
the findings to date support the hypothesis that RSC is a
potential site of long-term storage of spatial and contextual
memory [60], perhaps due to the RSC’s involvement in
binding together multiple cues in the environment [1].

5. Extinction Learning and Memory

The evidence described above supports a role for the RSC in
the retrieval of spatial as well as contextual fear memories.
Perhaps equally important to the understanding of RSC
plasticity in learning andmemory is the role of RSC in extinc-
tion, a fundamental behavior change process. In extinction,
repeated presentation of the previously conditioned cue or
context, in the absence of the reinforcer (i.e., footshock in
fear conditioning paradigms), results in a decrease in the
conditioned response (see [41, 61]). Extinction learning is
essential for the survival or organisms, because it allows them
to adapt to changes in their environment [53]. Just as RSC
has a role in the retrieval of contextual fear memories it also
has a role in the extinction of contextual fear. For example,
NR2B subunit-containingNMDA receptors are necessary for
the extinction of older (i.e., remote) but not more recent
contextual fear (e.g., [62]). This indicates that, at least for
extinction of contextual fear, the role of the RSC is dependent
upon the age of the memory.

The loss of behavior observed in extinction does not
reflect unlearning or erasure of the original memory [41, 61].
Instead, it is now widely understood that extinction results
in new learning that is at least partly dependent on context
[63]. For example, responding to an extinguished Pavlovian
CS will return when that CS is tested outside of the context
of extinction (e.g., [64]).The fact that extinction of Pavlovian
CSs is controlled by the context suggests an important role
for the RSC, which has already been shown to be crucial
for contextual learning and memory. In fact, there is recent
evidence that extinction of a trace CS engages the RSC
(in trace conditioning procedures, a short time interval is
inserted between CS offset and US onset. This is in contrast
to delay conditioning procedures, where CS offset coincides
with US onset). For example, infusion of APV into anterior
RSC during trace extinction impairs extinction retention

when tested 1 day later.Thus, plasticity in the RSC is necessary
for the extinction of fear to a trace CS [65].

The fact that RSC contributes to extinction of trace CS
memories is especially interesting considering RSC appears
to have no influence on retrieval of delay CS memories [27,
52], c.f. [31] or the extinction of delay CS memories [65].
However, it remains to be determined why trace, but not
delay, extinction relies upon the RSC [65]. For example, if
the RSC is simply providing contextual information during
extinction learning, then one would expect both delay and
trace extinction to involveRSC.Kwapis et al. [65] have instead
suggested that the dissociation of RSC involvement in delay
versus trace extinction might be due to trace memories, and
not delay memories, being initially stored in the RSC. The
additional assumption is that extinction learning engages
synapses that support the original memory. However, as
Kwapis et al. [65] state, it remains to be determined if the
original trace CS memory is stored in the RSC.

6. Activity-Dependent Neural Plasticity in RSC

The data described thus far indicate that RSC may be a site
of long-term storage for contextual and spatial memory. If so,
then RSC would be expected to exhibit cellular and physio-
logical signatures of memory formation and storage. Indeed,
a multitude of activity-dependent signaling molecules and
mechanisms have been linked to the formation of long-term
memory, including the activation of transcription factors,
protein synthesis, dendritic growth and branching, and the
induction of long-term potentiation (LTP) and depression
(LTD).

Consistent with this notion, RSC neurons are known
to possess a variety of intracellular molecules that have
been associated with activity-related plasticity, including
various transcription factors (e.g., Fos, Zif268, Arc) and
growth factors (e.g., BDNF). In addition, an extensive line
of research shows that the expression of transcriptions fac-
tors and growth factors in RSC can be altered following
disconnection from structures known to be involved in
memory processing. For example, lesions of the hippocampus
significantly reduce the expression of Fos and Zif268 in RSC
neurons [66], suggesting that projections from hippocam-
pus to RSC modulate the expression of genes involved in
synaptic plasticity and memory formation. Similarly, damage
to anterior thalamic nuclei reduces expression of the same
genes, as well as expression of other genes that have been
shown to be involved in neuroplasticity, such as CREB,
neuritin1, ncs-1, 5htrc, and kcnab2, and in genes involved in
cell-signaling (e.g., scamp1, neurexin1, and exoc7 [67–70]).
Conversely, stimulation of thalamic input to RSC resulted
in increased Fos expression [71]. Importantly, the changes in
gene expression following denervation of RSC did not result
in significant atrophy of RSC neurons [66] but were likely
due to changes in the amount of activity that RSC neurons
could sustain [72].Thus, the alterations in transcription factor
and growth factor expression reflect a more subtle alteration
in function within RSC. Furthermore, none of the changes
observed following hippocampal or anterior thalamic lesions
were observed when other structures, such as the entorhinal
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cortex or postrhinal cortex, were damaged [66, 70]. Together,
these findings indicate that plasticity-related molecules are
expressed by RSCneurons and that interactions between RSC
and the hippocampus and the anterior thalamus may be par-
ticularly important in promoting activity-related plasticity in
RSC.

In addition to changes in gene expression associated
with plasticity and cell signaling, other studies have shown
that damage to the anterior thalamus disrupts LTD [73] and
reduces neural excitability [74] of RSC neurons. Changes in
synaptic activity, including LTD and LTP are thought to be
fundamental substrates underlying learning andmemory for-
mation [75]. Thus, disruptions in the ability of RSC neurons
to undergo synaptic modification may contribute to impair-
ments in long-term memory formation and/or retrieval.
Relatedly, anterior thalamus lesions [76] or excessive neural
excitation (status epilepticus) [77] cause a reduction in
dendritic spine density in RSC and decrease the expression
of the BDNF receptor, TrkB [77]. Dendritic restructuring
and alterations in BDNF signaling are likewise thought to be
critically important to memory formation [78, 79]. Together,
these findings indicate that RSC neurons exhibit activity-
dependent changes in the expression of a variety of genes
associated with neural plasticity, as well as alterations in den-
dritic structure and physiological manifestations of plasticity
(e.g., LTD/LTP). As described in the following section, recent
studies have extended this research to investigate neural
plasticity in RSC specifically during memory formation and
recall.

7. Memory-Related Plasticity in RSC

Demonstrating that RSC neurons contain the machinery
to undergo activity-dependent plasticity is informative and
suggestive that RSC has the potential to undergo the plastic
changes traditionally thought to underlie memory. However,
it is crucial to determine whether those mechanisms are
actually at work during memory formation and retrieval.
Several recent studies have now addressed this by assessing
the activation of RSC neurons at different stages of memory
retrieval. For example, immediate early genes such as H1a
are expressed in RSC following training in the water maze
[37], and metabolic activity is increased in RSC at 24 and 48
hours after training [72]. In addition, after rats were trained
in a five-arm spatial maze, expression of Fos and Zif268 was
examined during a single retention trial either 1 day or 30
days after training [80]. Interestingly, RSC neurons expressed
more Zif268-positive cells during the 30-day retention test
compared to the 1-day test. Othermemory-relatedmolecules,
such as Arc, are elevated during spatial memory tests at both
1 day and 30 days after training in a water maze task [81].
The reasons for the differential expression of these molecules
at different times after training remain to be elucidated,
but importantly, in both studies, the expression of these
transcription factors decreased over time in other brain areas
(e.g., hippocampus, posterior cingulate cortex), indicating
that RSC is among a select set of cortical regions that exhibit
significant neural activity when memories are retrieved long
after training.

It is well established that de novo protein synthesis in
hippocampus and other structures is required formany forms
of long-term memory [82]. Similarly, it has recently been
shown that protein synthesis in the RSC is necessary for the
consolidation of fear memories [83]. For example, infusion of
a protein synthesis inhibitor into anterior RSCfifteenminutes
prior to inhibitory avoidance training impaired memory
retrieval at tests either 2 or 7 days later. This indicates that
protein synthesis in RSC during or shortly after training is
important for the formation of inhibitory avoidancememory.
In contrast, infusing the protein synthesis inhibitor 12 hours
after training produced retrieval deficits at the 7th day, but
not the 2nd day retention test [84]. This finding suggests
that protein synthesis in RSC at longer times after training
is necessary for the formation of long-lasting memory. This
is consistent with theories that posit a role for hippocampus
primarily in recalling recent contextual and spatialmemories,
while a network of cortical regions is responsible for longer
term storage (remote memory).

8. Current Research Directions and
Avenues for Future Studies

Recently, new technologies such as optogenetics and genetic
tagging methods have been brought to bear on questions
relating to the involvement of RSC in memory. In one study,
a c-fos genetic tagging approach was used to label cells that
were active during contextual fear conditioning [85]. When
tagged cells in RSC where later reactivated optogenetically
in a novel context, mice exhibited freezing behavior as if
they had been exposed to the original training environment.
Importantly, hippocampal inactivation did not disrupt the
freezing induced by stimulation of the ensemble of tagged
RSC neurons, indicating that the RSC can have a functionally
independent role from hippocampus in retrieving contextual
fear memories. This is consistent with findings described
previously, in which RSC inactivation but not hippocampal
inactivation produced deficits in sensory preconditioning
[48, 50], indicating the RSC but not hippocampuswas needed
for forming the initial associations between sensory cues. In
an application of yet another exciting new technology, RSC
neurons have been shown to be active during spatial learning
using time-lapse in vivo two-photon imaging [58]. Future
studies might use these approaches to compare the activity of
RSC neurons during the period between training and recall
in order to disambiguate the contribution of RSC to memory
storage processes versus the expression of memory.

It will also be important to consider plasticity and neural
activity that arises from intra-RSC communication. The
intrinsic connectivity of RSChas only recently beendescribed
[86] and little is currently known about the nature of
information processingwithinRSC. If RSC is indeed involved
in forming, storing, and/or retrieving associations between
sensory cues that compose a context, this may be reflected in
a strengthening of synapses between RSCneurons.Moreover,
RSC is composed of multiple, distinct anatomical subregions
[9–11] and only a few studies to date have investigated
the functional differences between these areas (e.g., [87–
89]). Thus, future research that considers communication
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and plasticity between these subregions may yield additional
insight into the nature of information processing within RSC.

In addition to using technological advances to better
understand the contribution of RSC to memory processes,
it will be useful to consider behavioral experiments that
could further delineate the functions of RSC. For instance,
as mentioned previously, existing data indicate that RSC is
needed for the successful encoding and retrieval of asso-
ciations between sensory stimuli (e.g., contextual cues) but
not associations between an individual cue (e.g., a tone) and
an outcome (e.g., foot shock). However, the studies to date
have only considered the effects of RSC manipulations on
recently acquired cue-outcome associations [27]. Considering
that the RSC has a critical role in the retrieval of older
(remote) contextual memories, it might also contribute to the
retrieval of remote cue-outcome associations. One possibility
is that over time, memory for a discrete stimulus like a
tone becomes integrated with the memory of the context in
which the cue was experienced. Indeed, while learning and
performance is often unaffected by a change in context (e.g.,
[90]), less is known about the impact of a context change
following a retention interval (i.e., a remote memory). If cue-
outcome associations indeed become contextually controlled
over time, the RSCmight contribute to the retrieval of remote
cue-outcome associations especially considering the crucial
role of the RSC in contextual memory.

9. Conclusions

Despite the relatively large size of RSC and its integral
position in the where/when pathway, its specific contribution
to hippocampal-dependent forms of learning and memory
is only now beginning to emerge. To date, the bulk of the
behavioral evidence supports the idea that RSC is specifically
involved in forming and retrieving associations among the
neutral stimuli that are present in the environment. Impor-
tantly, the role of the RSC is not limited to processing physical
stimuli such as visual, auditory, and tactile cues but also
extends to temporal cues.The evidence of activity-dependent
neuroplastic changes in RSC neurons further supports the
view of RSC as a site in which multiple cues are linked
together in the service of memory formation, storage, and
retrieval. However, additional work is needed to specifically
determine if and how RSC contributes differently to recent
versus remote memory. Future studies that make use of bur-
geoning technologies such as optogenetics, chemogenetics,
and optical imaging will also be extremely valuable in further
delineating the involvement of RSC in storage versus retrieval
processes and in defining the precise mechanisms through
which RSC binds stimuli together.
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Adult hippocampal neurogenesis is a process involving the continuous generation of newborn neurons in the hippocampus of adult
animals. Mounting evidence has suggested that hippocampal neurogenesis contributes to some forms of hippocampus-dependent
learning and memory; however, the detailed mechanism concerning how this small number of newborn neurons could affect
learning and memory remains unclear. In this review, we discuss the relationship between adult-born neurons and learning and
memory, with a highlight on recently discovered potential roles of neurogenesis in pattern separation and forgetting.

1. Introduction

The pioneering work demonstrating the continuous genera-
tion of adult-born neurons in the hippocampus by Altman
in the 1960s [1, 2] has led to extensive investigations on its
functions of hippocampus-dependent learning and mem-
ory formation in the past decade. Accumulating evidence
has implied that adult hippocampal neurogenesis is highly
related to some forms of hippocampus-dependent learning
and memory of new information [3–5], in addition to its
critical role in regulating the hypothalamic-pituitary-adrenal
(HPA) axis in response to stress [6], as well as mediating
antidepressive effects of antidepressants [7] and physical
exercise [8, 9].

Increased adult neurogenesis in the dentate gyrus (DG)
of the hippocampus has been shown to improve in memory
acquisition, memory formation [10–14], and maintenance
[15, 16]. Emerging explorations have focused on clarifying
how this small number of newborn neurons can exert a
significant impact on the global hippocampal functions and
hence learning and memory formation. The functional role

of adult-born DG neurons in pattern separation has been
increasingly recognized as the key mechanism underlying
their influence on learning and memory processing in
the hippocampus [17–19]. Pattern separation refers to the
processing of similar neural inputs into more distinct and
nonoverlapping outputs such that memories, when similar to
one another, could be stored without memory interference
[20, 21]. While mounting evidence has proven the impor-
tant role of neurogenesis in pattern separation [17, 22–24],
its functional role of adult hippocampal neurogenesis in
the clearance of old memories [25–27] is now considered
as another mechanism underlying how adult neurogenesis
could influence the process of learning and memory in the
hippocampus.

Many neurodegenerative and neurodevelopmental disor-
ders involving cognitive impairments are possibly linked to
hippocampal dysfunction, which is, at least, partly attributed
to dysregulated adult neurogenesis [9]. Therefore, under-
standing the regulatory processes and the underlying mech-
anisms of adult neurogenesis in learning and memory
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formation is of paramount importance for the development
of novel clinical cognitive enhancers.

Here we discuss the relationship between adult neuro-
genesis and hippocampus-dependent learning and memory.
We also discuss the recent progress showing how increased
neurogenesis improves learning and memory through its
essential role in forming pattern separation among similar
events, as well as its newly identified role in forgetting past
memories.

2. The Hippocampus in Learning and Memory

The hippocampus, named for its structural resemblance to
a seahorse, is a crucial component of the limbic system
and is suggested to be indispensable for various functions,
particularly memory acquisition and consolidation and spa-
tial navigation [28, 29]. The hippocampus is composed of
four morphologically different subregions, including the DG,
Cornu Ammonis (CA), presubiculum, and subiculum [30].
According to the morphological size and appearance of
glutamatergic principal cells, which are one of the key cellular
types of hippocampal circuits, the CA can be further divided
into two major regions: CA1 and CA3 [31]. There are two
classical synaptic circuit systems within the hippocampus,
namely, the trisynaptic and monosynaptic circuits (Figure 1).
The former system is prominently made up of the DG
and the CA subregions. Dense axons originating in layers
II and III of the EC form the perforant pathway, which
forms glutamatergic synapses on dendrites of granule cells
in the DG. Thereon, the axons of DG granule cells form
the Mossy fiber tract, projecting to the CA3 pyramidal cells
whose axons again constitute the Schaffer collateral pathway
that ultimately projects back to the subiculum and the EC.
Following this principal loop, the sensory input initially
received from other parts of the brain is processed and
consolidated by the hippocampus and returned to the EC
to affect the activity of the whole brain. In terms of the
monosynaptic circuit, sparse axons from the EC directly
project to the CA1 or CA3 subregion [31].

The hippocampus plays a crucial role in converting short-
termmemories to long-termmemories [32, 33] by processing
new memories and temporarily storing them prior to per-
manent storage in the cortex. Lesion studies have suggested
that the hippocampus is important for this temporary storage
and the retrieval of contextual fear memory for up to 2-3
weeks after learning [34]. The DG is the first target of the
trisynaptic hippocampal circuits. Each dentate granule cell
is estimated to make contact with about 12 CA3 pyramidal
neurons, which further communicate with approximately
40–60 neighboring pyramidal neurons and 20–30 adjacent
inhibitory cells [35–37].This serves as a perfect amplification
of neuronal response within the hippocampus. The DG-CA3
pathway has long been known to be involved in acquisition
and consolidation of spatial memory in the Morris water
maze (MWM) task [38, 39]. Animal studies with lesions in
the DG have demonstrated the crucial role of this subregion
in associative memory formation [40, 41] and in the discrim-
ination of similar patterns [42].

3. Adult Hippocampal Neurogenesis

Adult neurogenesis in adult mammals occurs in the subgran-
ular zone (SGZ) of the DG [1, 43, 44]. The neural precursors
located in the SGZ of the DG are certified to be the origin
of newborn neurons [45]. About 1400 newborn neurons are
estimated to be added to the bilateral hippocampi of human
adults daily, accounting for about 1.8% of the total renewable
neuronal population [46]. Likewise, in the young adult rats,
approximately 9000 new cells are generated daily, making up
to six percent of the total monthly granule cell population
[44].

Using retroviral labeling in combinationwith rabies virus,
Vivar et al. indicated that newborn neurons received synaptic
input frommature granule neuronswith primary innervation
from the lateral entorhinal cortex which is responsible for
the processing of cued and contextual information [47, 48].
Newborn neurons in this region are able to form synaptic
connections with CA3 pyramidal neurons, even if they are
not yet fully mature [49]. With their distinct structural [49–
51] and synaptic plasticity [52, 53], newborn neurons are
poised to play a critical role in forming new memories. The
time courses of maturation and functional integration of
these neurons are critical for their influences on hippocampal
circuits. The maturation of newborn neurons occurs at a
faster rate in rats than in mice [54]. During the first week
of neuronal maturation, newborn neurons show no synaptic
activity in mice [55]. Likewise, in the second week, they dis-
play small amplitudes in their action potentials. At the same
time, dendritic extensions to the granule cell layer become
visible, although no spines have been formed [47, 48, 55]. By
the third week, newborn neurons exhibit more physiological
properties similar to those of mature cells and now display
spine formation [56] and receive excitatory inputs from the
mature cells, hilar Mossy cells, and CA3 pyramidal neurons
inmice [47]. Newborn neurons in 3-4-week-oldmice possess
functional properties such as spontaneous action potentials
[57], enhanced long-termpotentiation (LTP, a cellular formof
learning andmemory) [58], and synaptic connections to their
target pyramidal neurons in the CA3 region [59]. During
these developmental stages, newborn neurons in rodents are
physiologically distinct from mature neurons whereby they
show higher input resistance, reduced GABAergic inhibition,
lower induction threshold for LTP, and increased intrinsic
excitability [52, 53, 55, 58, 60]. Full maturation of newborn
neurons requires several months with continuous growth
of spines, dendritic branching, and synaptic connections to
target cells.

In addition to synaptic inputs from the lateral and caudo-
medial parts of the EC, and the perirhinal cortex, newborn
neurons also receive back-projections from CA3 pyramidal
neurons [48]. Such synaptic connections of newborn neu-
rons to existing circuits within the hippocampus suggest a
potential role in the process of memory formation. Myers
and Scharfman have proposed that this back-projection may
exert inhibitory effects on certain population of DG granule
cells; therefore, only a specific population of granule neurons
is activated. This may facilitate the sparse coding in the
DG when responding to similar patterns and consequently
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Figure 1: Anatomy of hippocampal network. The diagram illustrates the monosynaptic and the trisynaptic pathways in the hippocampus.
Themonosynaptic pathway consists of a direct projection from the EC to CA1 or CA3, whereas the trisynaptic pathway consists of sequential
projections from EC to DG, CA3, and then to CA1. EC: entorhinal cortex; DG: dentate gyrus; CA: cornu ammonis.

improve pattern separation and memory storage capacity
[61]. Of note, the DG-CA3 feedforward inhibition correlates
with the quality of memory encoding, given that the increase
in this feedforward inhibition plays a critical role in the
precision ofmemory retrieval in contextual fear-conditioning
and the MWM tasks, whereas eliminating such inhibition
causes memory imprecision [62].The functional significance
of the “back-projection” of the CA3 to the newborn neurons
in facilitating learning and memory warrants future investi-
gation.

4. Adult Neurogenesis in
Hippocampal-Dependent
Learning and Memory

Although the estimated daily quantity of integrated adult-
born neurons is only ∼9000 of the total granule cell popu-
lation in young rats [44] and ∼700 in the unilateral human
hippocampus [63], animal studies have shown that this small
newborn subset may be sufficient to influence global brain
function, based on their ability to encode information, as
well as the ability to affect the behaviors of mature neurons
by synchronizing the firing and oscillation of neural circuits
[43]. The following innate characteristics demonstrate the
potential for these newborn neurons to modify the hip-
pocampal circuit. First, newborn neurons are preferentially
activated by stimuli, such as spatial learning in the MWM
task, as evidenced by the distinct expression profile of
immediate early genes in these newborn cells when compared
with mature hippocampal neurons [64, 65]. This may be
due to the fact that immature newborn neurons display a
lower threshold for the LTP induction in response to a theta-
burst stimulation [52]. Also, immature adult-born neurons in
the mouse at the fourth week of development have a higher
probability to be activated by entorhinal inputs, as well as
a lower threshold for spiking compared with that of mature
granule cells [66]. Second, there is an efficient magnification
of active inhibitory synaptic input from adult-born neurons
to the local neuronal circuit via a largeMossy fiber connection
to CA3 pyramidal neurons, where each newborn neuron

can make contact with 11–15 pyramidal neurons via Mossy
fibers [67]. Furthermore, one newborn neuron is capable of
innervating tens of basket interneurons, which subsequently
inhibit hundreds of mature granule cells in the DG [68].
The innervation of Mossy cells in the hippocampal hilus
allows a newborn granule cell to contralaterally stimulate
many mature granule cells [69]. Third, newborn granule
cells can effectively compete for synaptic contact with its
target cells and preferentially form synapses with existing
boutons. At the age of 30 days, approximately 60% of new
cells can form synapses [70]. As a result of this evidence,
a small population of newborn neurons may affect global
hippocampal functioning, thus having profound effects on
learning and memory processes.

4.1. Correlation between Hippocampal Neurogenesis and
Learning and Memory. As previously discussed, the hip-
pocampus has been considered actively involved in memory
formation [71] as well as spatial navigation [29]. Soon
after the discovery of adult neurogenesis, Altman hypoth-
esized that this newborn neuronal population in the hip-
pocampal DG might be crucial for learning and memory
functions [2]. The initial strategy adopted to reveal the
potential relationship between these two events was the
analyses on their coincidence, either by manipulating adult
neurogenesis to detect the behavioral changes or by con-
ducting behavioral tasks to evaluate changes in neurogen-
esis.

Levels of neurogenesis in the DG can be modulated by
various factors, among which the most frequently employed
strategies include environment enrichment [72] and physical
exercise as positive regulators [73] and environmental stres-
sors such as chronic unpredictable stress as potent negative
regulators [74]. Most evidence has favored the idea that pro-
motion or suppression of hippocampal neurogenesis could
correspond with improvement or impairment in learning
and memory performances, respectively. For example, 3-
month-old Sprague-Dawley (SD) rats housed in an enriched
environment for 4–8 weeks showed enhanced hippocampal
neurogenesis, which was paralleled by better spatial learning
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performance in the MWM task [75]. Similarly, adult SD rats
that received the identical treatment for a shorter period
(17 days) also displayed increased memory in the novel
objective recognition test at 24 and 48 hours days after
the treatment ended [76]. Similar findings have also been
reported in mice. For instance, adult male C57Bl/6 mice
housed in an enriched environment for 8 weeks showed
promoted hippocampal neurogenesis concurrent with better
performance in learning and short-term memory in the
MWM task, as well as a higher inhibition in an acoustic
startle reflex test [77].Three-month-old female C57Bl/6 mice
subjected to voluntary wheel running for 43–49 days showed
increased neurogenesis in the DG; meanwhile, their learning
performance in the MWM task and the LTP in the CA1
were both improved [78]. Creer and colleagues reported that
3-month-old male C57Bl/6 mice subjected to running for
38 days showed a specific enhancement of DG-regulated
pattern separation in a spatial discrimination test. Notably,
the running-induced increase in hippocampal neurogenesis
and the improvements in spatial pattern separation were
positively correlated with one another [19]. Hippocampal
neurogenesis can be modulated through other manipula-
tions, including systemic administration of pharmacological
agents such as the herbal drug ginseng [79], the peptide P21
[80], and the neurotrophic factor vascular endothelial growth
factor [81], as well as deletion of the Toll-like receptor 3 [82].
Increases in hippocampal neurogenesis in these animals are
consistently associated with improvements in their learning
and memory performance, in tasks including the contextual
fear conditioning, associative passive avoidance, and the
MWM [79–82].

In contrast to the positive regulators mentioned above,
a variety of negative regulators have been found to impair
learning and memory performances. As an example, surgical
lesion of the cholinergic septohippocampal pathway reduced
hippocampal neurogenesis and significantly compromised
spatial learning in a reference memory paradigm [83]. Sim-
ilarly, in utero lipopolysaccharide induction, interruption of
rearing, exposure to lead, or insufficiency of vitamin A have
all been documented to reduce hippocampal neurogenesis.
Such decreases in neurogenesis were coincident with deficits
in novel objection recognition, reference memory perfor-
mance, and formation of fear memories [84–87]. Genetic
intervention that retards neurogenesis, such as the deletion
of neurotrophin-3 [88], could subsequently cause defects in
acquisition, memory retention, and reversal in a reference
memory task; notably, it has been suggested that newborn
neurons are particularly inclined to be recruited during the
process of acquisition and memory retrieval [64]. Hyper-
activity of the HPA axis has been known to be involved
in the onset of age-related disorders [89, 90]. It has been
reported that the magnitude of HPA axis activity in aged
animals parallels the level of hippocampal neurogenesis and
the reference memory performance [91]. Exposing male rats
to prenatal stress that stimulated the HPA axis activity led
to the reduction of neurogenesis accompanied by impaired
reference memory in the MWM task [92], all of which
were reversed by frequent handling in the early postnatal

period [93]. Moreover, lowering circulating corticosterone
levels by adrenalectomy had an opposite effect on aged
rats [94]. Spatial exploration could predominantly activate
adult-born neurons compared with their mature counter-
parts [65, 95], which implies that these newborn neurons
may preferentially be involved in information processing
[96, 97].

4.2. Effects of Blocking Hippocampal Neurogenesis on Learning
and Memory Performance. In order to tender more com-
pelling evidence showing the important role of neurogenesis
in learning and memory, three different strategies with the
same aim of specifically eliminating neural progenitor cells
have been employed, including application of antimitotic
agents, X-ray irradiation, and genetic manipulations. Fol-
lowing the ablation of neurogenesis, behavioral assays such
as the MWM, eight-arm Radial Maze (RAM), and Barnes
Maze tasks, as well as the working memory test using the
delayed matching to sample (DMS) or delayed nonmatching
to sample (DNMS) protocol have been conducted tomeasure
subsequent learning and memory performance. Given that
the intervals required for a newborn neuron to fully integrate
into existing neural circuits are distinct inmice [55, 57, 59, 98]
and rats [54], different protocols have been adopted in the
following studies.

Shors et al. provided the first evidence showing that
inhibiting neurogenesis by the antimitotic agent methyla-
zoxymethanol (MAM) leads to the impairment of trace, but
not delay eyeblink conditioning or contextual fear condi-
tioning [12, 99]. Three weeks after the cessation of MAM
administration, such deficits were restored; this suggests that
the birth of immature neurons is necessary and also sufficient
for trace memory acquisition [99]. Unlike acquisition of
spatial reference memory that remained unaltered by MAM
treatment [12], retrieval of remote spatial memories in the
same MWM task was impaired by blockade of neurogenesis
[100]. Other antimitotic drugs, such as 5-fluorouracil [101],
cyclophosphamide [102], and temozolomide [103], have been
found to exert comparable effects on inhibiting neurogen-
esis and eliciting behavioral phenotypes in hippocampus-
dependent tasks, including the passive avoidance test for fear
memory retention, the object location recognition test for
spatial working memory, and the MWM.

More recently, X-ray irradiation has been introduced
[104] and has been utilized more frequently to ablate neu-
rogenesis due to the greater specificity than that antimitotic
agents offer [105]. Forebrain irradiation in adult animals
led to the disruption of working memory in the MWM
[13] and the RAM tasks [106]. Ko et al. also reported that
severe irradiation in adult C57Bl/6 mice compromised short-
termmemory in contextual fear conditioning [107]. Similarly,
Long Evans rats that received irradiation were found to suffer
from impairments in long-term memory in the MWM task
[16], as well as in short-term memory in contextual fear
conditioning [13]. Using the Barnes Maze test to examine
spatial reference memory, irradiation has been documented
to compromise animal performance [108]. Fan et al. found
that learning in the MWM task was impaired following
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irradiation administration in gerbils [109], similar to another
study which examined delayed matching to place behaviors
[11].

In the past decade, genetic techniques have been adopted
to generate transgenic mice with more restricted targeting
to neural progenitor cells. Garcia and colleagues established
an inducible glial fibrillary acidic protein- (GFAP-) thymi-
dine kinase (TK) strain where administration of ganciclovir
could eliminate neurogenesis [110]. Experiments with these
mice revealed that ablating adult hippocampal neurogenesis
caused an improved working memory in the RAM task [11,
25] as well as impaired contextual fear conditioning [110].
Additional transgenic models were established with the same
target population of nestin-expressing neural progenitor
cells. Dupret et al. generated a mouse line with the selective
disruption of neurogenesis in the adult hippocampus by
doxycycline-inducible overexpression of the proapoptotic
protein Bax in nestin-positive neural precursors and detected
a compromised acquisition of spatial reference memory in
the MWM task [10]. Interestingly, performance relating the
cue guidance and egocentric orientation was unaffected, sug-
gesting that newborn neurons in the adult hippocampal DG
are needed to build a positional relationship between cues for
animals to navigate their environment. Furthermore, novel
objective recognition was unaltered, thereby implicating
that adult-born neurons may be dispensable for processing
simpler forms of spatial information [10, 111]. Tronel et al.
provided evidence that this strain of mice without neurogen-
esis exhibited normal formation and retrieval of associative
memory but were unable to discriminate between highly
related contexts following the extensive training, suggesting
that newborn neurons in the adult hippocampus increase the
ability to distinguish highly similar events [112]. The NSE-
DTA/Nes-CreERT2 transgenicmice, whose neuronal progen-
itors in the neurogenic regions are eliminated by diphtheria
toxin after tamoxifen administration, showed deficits in refer-
ence memory retention in the BarnesMaze test and impaired
contextual fear conditioning [15]. Deng et al. established
another nestin-thymidine kinase mouse line where applica-
tion of ganciclovir eliminates the dividing neural progenitors
[113]. This reduction led to defects in extinction of spatial
preference and conditioned contextual fear, as well as long-
term retention rather than acquisition of spatial memory
[113].

Notably, conclusions obtained by different groups some-
times differ. For example, compromised contextual fear
conditioning following suppression of adult hippocampal
neurogenesis is reported by some [11, 13, 114, 115], but not
by other investigators [10, 12, 116]. Likewise, spatial learning
and memory are suggested to be disrupted by some [10, 116],
but not by other groups [11, 16, 115]. These discrepancies
are potentially owing to the differences in animal species,
genetic backgrounds, and behavioral tests, as well as the
duration, intensity, and efficiency of methods employed [117,
118]. Thus, advances in research tools with greater specificity,
higher efficiency, and more controllable durations of abla-
tion are preferred for future in-depth mechanistic studies
[118].

5. Hippocampal Neurogenesis Improves
Pattern Separation

As a gateway for information’s entry to the hippocampus
where memories are retained in associative networks [119],
the DG has been indicated as the core structure enabling
pattern separation [120]. Pattern separation in the DG occurs
when highly similar input firing patterns are processed into
less similar output firing patterns within the network. This
can happen with either different firing rates within a pop-
ulation of granule cells or firing of different subpopulations
of granule cells in response to a network input. The DG
comprises at least five- to tenfold more neurons compared
with the EC, which allows information to be projected
into higher-order structures, and thus enhances learning
discrimination [121]. In addition, the dentate granule cells are
often inactive during behavioral tests [122, 123], possibly due
to feedback inhibition of the neural circuit accomplished by
local interneurons [124]. This sparse coding pattern enables
the DG to separate the overlapping inputs and produce
a spare representation from fewer neurons in response to
resembling inputs [20, 125]. Moreover, activation of indi-
vidual granule cells in the DG, although sparse, is capable
of relaying information by depolarizing pyramidal cells in
the CA3 region through Mossy fibers [126], subsequently
facilitating memory encoding [119].

With the aforementioned features of the DG, the pattern-
separation function of adult-born hippocampal neurons has
emerged as the neurobiological basis mediating the influence
of adult hippocampal neurogenesis on learning and memory
[18, 127]. Nakashiba et al. have reported that older granule
neurons are required for discriminating relatively distinct
contexts, whereas young neurons are required for the fine
discrimination of similar contexts in mice [22]. They have
suggested a functional shift from pattern separation to pat-
tern completion as neurons age [22]. From this point of view,
continuous adult neurogenesis is needed for distinguishing
similar events and avoiding memory interference when new
memories are formed. In agreement with this opinion,
recent studies have shown that abrogating neurogenesis by
irradiation impairs the performance of mice in a space sep-
aration behavioral task involving distinguishing contiguous
but not far-separated targets [17, 112]. Likewise, chemically
ablating hippocampal neurogenesis by temozolomide leads
to poor performance of mice in the MWM task, showing
difficulties in memorizing new positions of the hidden
platform, concurrent with prolonged retention of the old
memory, as reflected by the greater inclination to swim to
the old platform position [103]. Conversely, increasing adult
neurogenesis by knocking out the proapoptotic gene Bax
in neural progenitor cells improves the discrimination of
representations that contextually overlap [18]. Similar results
have also been observed in adult mice following exercise,
which display an enhancement of neurogenesis [19]. Increase
in neurogenesis and improvements in learning and memory
elicited by physical exercise [128] are paralleled by increased
production of brain-derived neurotrophic factor (BDNF)
[129]. Bekinschtein et al. have reported that BDNF in the
hippocampal DG plays a critical role during encoding of
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pattern-separated memories [130].They have recently shown
that direct infusion of BDNF into the DG increased spatial
discrimination in control rats, whereas blockade of neuroge-
nesis diminished these improvements [131], suggesting that
adult-born neurons are required for BDNF-enhanced pattern
separation [24].

Computational models have proposed that pattern sepa-
ration processing within the hippocampus involves the DG-
CA3 circuit [132]. Through the use of chemical or genetic
approaches to ablate hippocampal neurogenesis, different
contexts are suggested to be coded by distinct subpopulations
of CA3 neurons [133, 134]. Niibori et al. have shown that
the absence of hippocampal neurogenesis caused behavioral
impairment in contextual discrimination [23]; they have
also demonstrated that suppression of adult neurogenesis
impaired the population coding of similar contexts in the
CA3 region. These data suggest that adult neurogenesis may
facilitate population coding in the CA3, thus enhancing
the process of pattern separation in the hippocampus. As
previously discussed, the DG-CA3 feedforward inhibition
correlates with the accuracy of memory encoding [62]; it is
therefore reasonable to speculate that the back-projections
from CA3 to immature neurons may play a critical role in
facilitating the sparse coding by DG granule cells [61].

A recent human study has reported that following
six weeks of physical exercise training, individuals per-
formed better in a hippocampus-dependent visual pattern-
separation task, and a lower depression score was recorded
compared with those who did not exercise [135]. On the
other hand, the age-related cognitive decline may be partially
attributed to the decrease in hippocampal neurogenesis,
given that both animals and human subjects have been
confirmed to experience a significant suppression of adult
hippocampal neurogenesis with ageing [136, 137]. Stark et al.
have reported that healthy human subjects displayed an age-
related decline in pattern separation, but not in recognitive
memory performance, whereas those diagnosed with mild
cognitive impairment showed reductions in both scores [138].
Since changes in the DG have been found in aged human and
rodent brains [139], it is likely that ageing-induced decreases
in neurogenesis may partly contribute to the impaired func-
tion of pattern separation in the senile population. Holden
and colleagues reported a decreased efficiency in spatial
pattern separation in older adults in comparison to young
adults, which could be due to age-related changes in the DG
and CA3 regions [140].

6. Hippocampal Neurogenesis Improves
the Forgetting of Old Memories

Mounting evidence over the past decade has shown that
alterations in adult neurogenesis are a form of plasticity that
improves hippocampus-dependent learning and memory
formation. Of note, a recent study has unveiled a new role for
adult neurogenesis in promoting forgetting of old memories
[141]. In memory processes, animals may need to unlearn or
inhibit the learned task by modifying the existing memory
trace, such that new memories can be learned and stored.

Emerging trends in the functional role of neurogenesis on
learning and memory have suggested that production of
newborn neurons may modulate the hippocampal network
to form and store new memories, which may require the
clearance of old memories in order to optimize the capacity
for learning and memory processes.

Feng et al. 2001 have shown that environmental enrich-
ment prior to learning increases hippocampal neurogenesis
and improves performance in both contextual and cued fear-
conditioning tests in forebrain-specific presenilin-1 knockout
(PS1-KO) mice with impaired neurogenesis [142]. However,
the introduction of environmental enrichment for 2 weeks
after the acquisition phase increased freezing responses in the
contextual retention test in the PS1-KO, but not in the wild-
type littermates, suggesting that eliminating neurogenesis
facilitates the retention of contextual fear memories. The
authors postulated that deficits in hippocampal neurogenesis
may prevent the clearance of contextual memory traces,
which consequently resulted in improved memory retrieval.
Coincidentally, another study conducted by van der Borght
et al. showed that enhanced hippocampal neurogenesis fol-
lowing physical wheel running prior to a learning task in
the Y-maze was associated with improvements in acquisition,
retention, and reversal learning [143]. Such a finding was
in favor of the positive correlation between learning and
neurogenesis, as reported by Feng et al. [142]. However, when
reapplying running exercise to mice after the initial training
session, van der Borght et al. reported improvements in
both memory retention and retrieval [143]. The discrepancy
between these two studies may be due to different learning
tasks (Y-maze versus contextual fear conditioning) and dis-
tinct strategies to stimulate neurogenesis (voluntary running
versus environmental enrichment). Of note, van der Borght
et al. showed that memory retention and reversal learning
significantly reduced neurogenesis in both runners and non-
runners [143]. Since memory retention and reversal learning
require recall of the information previously acquired, the
authors hypothesized that such decrease in neurogenesis
may help prevent interference between previously and newly
formed memories. Hence, inhibiting neurogenesis poten-
tially assists in optimizingmemory retrieval. In fact, Saxe and
colleagues have reported that too much neurogenesis could
actually be harmful to hippocampus-dependent working
memory, which is a form of short-term memory involving
both the hippocampus and the prefrontal cortex [25]. Fol-
lowing ablation of hippocampal neurogenesis by either low-
dose X-irradiation or a genetic approach (e.g., ganciclovir-
induced elimination of neurogenesis in the GFAP-TK mice),
an improvement of working memory was detected in the
RAM task that examined the ability to discriminate highly
similar cues with an intertrial delay longer than 30 sec [25].

Evidence supporting both theories of neurogenesis con-
tributing to the clearance of oldmemories or the formation of
new memories has been reported. For example, in a previous
study exploring how neurogenesis modulates hippocampal
network activity to enable memory storage at different
levels, Deisseroth and colleagues demonstrated an activity-
sensing property of hippocampal neural progenitor cells via
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Cav1.2/1.3 (L-type) Ca2+ channels and NMDA receptors,
suggesting that excitation of the local neural network may
regulate the neurogenic process [27]. In fact, such activity-
dependent responses during hippocampal neuronal genera-
tion potentially contribute to the formation of newmemories
and the clearance of old memories [27]. Their study also
showed that clearance of old memories could be accelerated
by enhancing neurogenesis, whereas neurogenesis is needed
for the formation of new memories, especially in a situation
of higher hippocampal network activity [27]. Together, they
tendered evidence supporting the idea that appropriate levels
of neurogenesis, which coincides with the excitatory network
activity,may be advantageous for the hippocampus to balance
old memory storage and new memory formation. Given
that the hippocampus actively participates in the formation
of new memories and temporary memory storage, a timely
elimination of old memories will improve the efficiency in
forming and storing new memories with the existing hip-
pocampal network [27]. Based on this theory, it is anticipated
that overstimulating hippocampal neurogenesismay increase
the degradation of old memories and subsequently result in
memory deficits. Accordingly, levels of hippocampal neuro-
genesis should be tightly regulated by network activity. The
aforementioned back-projection fromCA3 toDG discovered
by Vivar et al. may have inhibitory effects on activity of
newborn neurons for old memory retrieval [47]. Future
research on verifying this assumption is of great interest.

Akers and colleagues tested if the performance in mem-
ory retention could correlate the level of hippocampal neu-
rogenesis [141], by comparing behavioral performances in
memory retention between adult mice and pups, whose
neurogenesis is at low (in adulthood) and fairly high levels (in
the early postnatal period, around 17 days old), respectively.
In that study, mice were subjected to fear-conditioning
training where they received foot shocks in a novel context,
followed by assessments in the same context from Day 1 up
to 6 weeks without foot shocks. By measuring the freezing
duration in the same context, the adultmice showed the stable
memory retention throughout the test period, whereas pups
first exhibited the comparable memory retention on Day 1
but experienced a quick decline after a week. Interestingly,
the increase of neurogenesis after fear conditioning by either
the voluntary wheel running or treatment with the antide-
pressant fluoxetine promoted forgetting in adult mice. In
contrast, reducing postnatal neurogenesis in infantmice after
fear conditioning led to improvements in memory retention.
They further reported the correlation between neurogenesis
and forgetting, as evidenced by the data that guinea pigs and
degus with low levels of postnatal neurogenesis owned the
intact memory retention but displayed forgetting when their
hippocampal neurogenesis was enhanced by memantine.
Collectively, this study indicates that forgetting is impaired in
infant rodents with low levels of hippocampal neurogenesis,
while increasing neurogenesis can induce forgetting.

Based on the hypothesized role of adult neurogenesis in
memory clearance, it is reasonable to speculate that suppres-
sion of this process, though impairing the formation of new
memories, may facilitate the preservation or reconsolidation
of previously formed memories. Kitamura and colleagues

have demonstrated that inhibition of neurogenesis by X-
ray irradiation prolonged the maintenance of LTP in DG,
as well as preservation of old memories (up to 30 days
after learning) in the contextual fear-conditioning task; this
suggests that the hippocampus-dependentmemory retention
could be extended by inhibiting neurogenesis [26]. Although
this study has tendered evidence supporting the regulatory
role of old memory decay by hippocampal neurogenesis,
whether this also affects memory consolidation to the cortex
remains unclear.

Computational models predict that encoding new infor-
mation will not only remodel neural networks, but also
weaken neural connections that have already been estab-
lished for storing oldmemories [144]. Increased neurogenesis
with the concomitant loss of old memories may be due to the
fact that immature granule cells compete for synaptic con-
tact with mature neurons. By forming synaptic connections
preferentially with the existing boutons, adult neurogenesis
gets promoted and then intensifies synaptic competition,
which leads to fewer synaptic inputs into existing individual
neurons. The prior morphological studies have shown that
increasing adult neurogenesis does not change the number of
synapses but decreases the excitatory transmission to mature
granule cells due to fewer synapses formed with mature
granule cells [59, 145]. The discussed study by Akers et
al. [141] echoes the assumption that functional integration
of newborn neurons may result in circuit modifications
that compete with the preexisting circuits, contributing to
forgetting of existing memories. To encode new memories
dependent on adult neurogenesis, as well as to retain old
memories already formed, a threshold of adult neurogenesis
may allow an optimal performance for both learning and
memory formation [146]. Taking all findings together, it is
reasonable to predict that adult neurogenesis may function
as a key regulator of new memory formation and old
memory decay in the hippocampus. Increasing hippocam-
pal neurogenesis may facilitate acquisition by reducing the
interference of similar memories (pattern separation) and by
concomitantly reducing pattern completion for old memory
retrieval (forgetting of old memories), and vice versa [147].

7. Conclusion

Based on the evidence from both animal and human studies,
investigations on adult neurogenesis have been answering the
critical questions concerning how learning and memory are
formed and regulated in adult mammalian brains. Pattern
separation and forgetting induced by adult neurogenesis
may be the way in which the brain normally learns and
retrievesmemory. A computationalmodel used byWeisz and
Argibay [148] demonstrated that learning itself increases the
number of granule cells, whereas the retrieval of recent mem-
ories can still be improved with blockade of hippocampal
neurogenesis; this suggests that neurogenesis can promote
the hippocampal network capacity for new information and
enhance the clearance of old memories. They later hypoth-
esized that the addition of hippocampal adult-born neurons
contributes not only to the successful neural adaptation to the
environment with pattern separation and pattern integration
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Figure 2: Potential influences of adult neurogenesis on newmemory formation and oldmemory clearance. Increased neurogenesis improves
pattern separation when acquiring new information with much overlap and yet accelerates clearance of old memories. Conversely, decreased
neurogenesis facilitates the temporal storage of short-termmemory and thus enhancesmemory retrieval in the hippocampus, yet aggravating
memory interference of similar events during new information acquisition.

for forming new memories, but also to the interference
while retrieving oldmemories [149]. Emerging evidence from
both theoretical and experimental studies has suggested the
influences of adult neurogenesis on pattern separation for
learning new information, as well as on interference with
old memory retrieval that results in forgetting. Adult neuro-
genesis in the hippocampus may serve as a normal cellular
process for learning and memory consolidation. Excessive
addition or insufficient generation of newborn neurons may
lead to abnormal clearance of old memories or failure in
forming new memories in the hippocampus, respectively,
subsequently disrupting memory process and storage in the
brain (Figure 2). Therefore, changes of neurogenesis, either
excessive or inadequate, may be deleterious to learning and
memory.This raises the possibility that only when a threshold
of adult neurogenesis is reached will the acquisition of new
information be facilitated. Revealing how much increase or
decrease of neurogenesis is appropriate for a good trade-off
between new and old memories is of great interest for future
research.
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The most studied form of associative learning in Drosophila consists in pairing an odorant, the conditioned stimulus (CS), with an
unconditioned stimulus (US). The timely arrival of the CS and US information to a specific Drosophila brain association region,
the mushroom bodies (MB), can induce new olfactory memories. Thus, the MB is considered a coincidence detector. It has been
shown that olfactory information is conveyed to the MB through cholinergic inputs that activate acetylcholine (ACh) receptors,
while theUS is encoded by biogenic amine (BA) systems. In recent years, we have advanced our understanding on the specific neural
BA pathways and receptors involved in olfactory learning and memory. However, little information exists on the contribution of
cholinergic receptors to this process. Here we evaluate for the first time the proposition that, as in mammals, muscarinic ACh
receptors (mAChRs) contribute to memory formation in Drosophila. Our results show that pharmacological and genetic blockade
of mAChRs inMB disrupts olfactory aversivememory in larvae.This effect is not explained by an alteration in the ability of animals
to respond to odorants or to execute motor programs. These results show that mAChRs in MB contribute to generating olfactory
memories in Drosophila.

1. Introduction

Different training protocols used in Drosophila have helped
us advance our understanding on the cellular and genetic
basis for learning and memory. One of the most studied and
best understood is the associative learning of odors, where
an odorant that has or does not has an intrinsic value for
the animal (the CS) is paired with the US. Thus, the odorant
acquires a new value for this animal. The type of memory
generated depends on the quality of the US: while in some
training protocols electric shock or aversive chemicals such
as quinine or salt have been used as US to generate aversive
memories [1], odors can also be paired with sugar to generate
appetitive memories [2]. Behavioral and genetic studies have
demonstrated that this associative learning depends on the
integrity of the major neuropil in the fly brain, the MB,
and their principal neurons, the Kenyon Cells (KCs) [3, 4].
Therefore, it has been accepted that the timely, coincident
arrival of the information of the CS and the US to MB KCs

is essential to generate new olfactory memories [3–6]. This is
valid not only for adult flies but also in animals at the larval
stage, as shown previously [7, 8].

The literature supports the idea that neurons containing
and releasing BAs transmit the US information to the MB,
both in adult flies and also in larvae [9, 10]. Remarkably,
recent reports have advanced our knowledge on the neural
aminergic pathways innervating the MB, the specific recep-
tors activated, and some of the cellular events gated by amines
in KCs that could underlie the generation of new memories
both in larva and the adult fly [5, 11–13].

On the other hand, the CS is relayed to KCs through
cholinergic inputs arising from the antennal lobe (AL) via
the inner antennal cerebral tract [14]. This is consistent with
the idea that ACh is the main excitatory neurotransmitter
in the insect brain [15]. In mammals it is well known that
ACh exerts its diverse actions by activation of the fast-
acting ionotropic nicotinic receptors (nAChRs) [16] and also
metabotropic muscarinic ACh receptors (mAChRs) [17]. Ten
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Figure 1: Schematic of the protocol used for generating aversive olfactory memories in Drosophila larvae. Training and memory tests are
carried out in square shape Petri dishes that in opposite sides have containers where odorants are located (represented in yellow) (a) Training:
fifteen or more larvae are exposed for 3min to only one odorant in a dish half-covered with agar supplemented with 2M NaCl (Odor A
+ salt). Then animals are exposed to a second odorant in a different Petri plate half-covered with regular agar. This is one training cycle.
This procedure is repeated two more times. Afterwards, memory test is carried out. (b) Memory test: to evaluate aversive olfactory memory,
animals are placed in the centerline of a square plate, so they are equally exposed to the two odorants, each one in opposite containers. After
three minutes, the number of larvae at both sides of the center area is counted.

different genes encode the different subunits for Drosophila
nAChRs and although the exact subunit composition of
native fly neuronal nAChRs is not known, cell physiology
experiments have helped us gain some insights on the
functional properties of these channels. For instance, elec-
trophysiological studies have shown that ACh activates 𝛼-
bungarotoxin-sensitive nAChRs underlying fast excitatory
synaptic currents in Drosophila brain neurons [18, 19]. More-
over, it has been recently shown in an in vitro preparation that
the enhancement of the AL Projection Neuron-MB synapse
depends on the activity of nAChRs [20]. Consistent with
all these data, imaging studies have shown that activation
of nAChRs induces an increase in intracellular calcium that
mediates cellular plasticity [21].

On the other hand, one mAChR has been identified and
cloned in Drosophila [22]. The Drosophila mAChR shows
high sequence homology to the vertebrate M1-type mAChR
and accordingly it was shown to increase the metabolism
of membrane phospholipids when expressed in heterologous
systems [23–25]. Interestingly, no information is available
on the possibility that mAChRs are involved in olfactory
processing in Drosophila, even though it has been shown
that this receptor is highly expressed in MB [23, 25]. In our
lab we have generated a new protocol to induce olfactory
aversivememories inDrosophila larvae, based on the protocol
presented and discussed in Gerber et al., 2010 [26]. By
using this protocol we show for the first time that mAChRs
expressed in Drosophila MB contribute to larval olfactory
aversive learning and memory.

2. Materials and Methods

2.1. Fly Strains. Flies of the w1118 (IsoCJ1) strain were used
as control. This is an isogenized Canton-S strain carrying the
w1118mutation [27, 28]. Flies bearing theOK107-GAL4 trans-
gene were crossed to animals that contain the RNAi targeting
the Drosophila mAChR (RNAimAChR) under the control of

UAS (line # 27571 obtained from the BloomingtonDrosophila
Stock Center, Indiana, USA), to direct the expression of
this RNAi to MB. On the other hand, flies containing the
mAChR-Gal4 element (obtained from the ViennaDrosophila
Resource Center, Vienna, Austria, line # 201245) were crossed
to transgenic animals containing the UAS-eGFP gene (part of
the Campusano Lab fly stock, originally line #5431, Bloom-
ington Drosophila Stock Center, Indiana, USA) to visualize
cytosolic eGFP in the expression pattern of mAChR. In some
experiments, we also used GH146-QF, QUAS-Tomato flies
(line # 30037, BloomingtonDrosophila Stock Center, Indiana,
USA). In different experiments, mutants for the Dunce or
Rutabaga proteins were used (dnc1 and rut2080, resp.). Flies
were raised at 19∘C, in a 12/12 hour light/dark cycle to decrease
the expression ofGal4-driven genes andwere brought to 25∘C
one day before the beginning of any experiment.

2.2. Protocol for Olfactory Learning andMemory in Larvae. A
new protocol to generate olfactory aversive memories based
on the protocol discussed in Gerber at al., 2010 [26], was used
in our experiments. The main difference is that training and
test plateswere 100mmnoncompartmentalized square-shape
Petri dishes (Sterilin, UK). Containers for odorants were
placed at opposite sides of the plate.The general arrangement
is shown in Figure 1. Square-shaped plates were half-covered
with solidified agar (1%), which was supplemented or not
with 2M NaCl (the US). All procedures (training, memory
assessment, and olfactory discrimination assays) were carried
out in plates covered by a lid, which was perforated in the
center (0.5mm diameter holes) for good aeration.

The training protocol was briefly as follows: 15 or more
larvae were placed in one salt-containing agar plate where
they were exposed for 3min to one odorant, the CS. Then,
animals were rinsed in water and afterwards placed in a
second training plate where they were exposed to the second
odorant; this time the agar contained no salt. This was one
training cycle.This procedure was repeated 2 more times and
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in between training cycles, animals were rinsed with water. A
1min intertrial interval was used. To test for memory after
training, larvae were placed at the center of the arena and
exposed to the two odorants, placed in containers at opposite
sides. The position of the animals with respect to the center
of the arena was recorded after 3min.

This entire procedure was carried out a second time
as explained, but inverting the use of odorants so that the
odorant that was not paired with salt in the first experiment
was the CS in this second experiment.This is called reciprocal
training [26].

In all experiments a “no decision zone” was defined as a
rectangular 7mm × 10mm area in the center of the memory
test dish. Animals standing in this zone are not included in
further data calculation. Only experiments where at least 13
larvae express a decision are included in this work.

To control for näıve responses at different odorants
ratio (see Figure 1) the procedure used was the same as
explained above when testing for memory formation, and
data was expressed as “preference index.” Preference for a
given odorant was calculated according to the following
formula:

PreferenceA over B =
(#A − #B)
#Total
∗ 100, (1)

which calculates the number of larvae in side close to odorant
A minus the number of animals in side close to odorant B,
divided by the total number of larvae. This figure represents
the number of larvae preferring odorant A over B, as a
percentage of the total number of larvae used in a given
experiment.

After training, the memory generated was expressed as
performance index, calculated according to the following
formula:

Performance Index

=
(PreferenceA+ over B − PreferenceB+ over A) ∗ 100

2
,

(2)

where “A+ over B” indicates that the odorant Awas associated
with salt, while “B+ over A” indicates that the odorant B was
associatedwith salt. As the formula shows, the result indicates
the number of larvae that learned the association between CS
and US.

Odorants used in learning andmemory experimentswere
ethyl acetate, EA, and n-amyl acetate, AA (1 : 10 and 1 : 100
dilution, resp., in paraffin oil). All these chemicals were
obtained from Sigma-Aldrich (St Louis, MO). All behavioral
experiments were carried out at the Campusano Lab Fly
Room, maintained at 25∘C, ∼50% humidity, under constant
illumination.

Memory performance was assessed at different time
points after training (0, 5, 15, 30, and 45min), with inde-
pendent groups of animals for each time point: animals were
trained and thenmemorywas evaluated at a given time point.
After this evaluation, animals were discarded.

To assess olfactory acuity, at least twenty larvae were
exposed to one of the odorants in one side of the plate versus

the vehicle (paraffin oil) in the other side.Threeminutes later,
the number of larvae in the odorant and in the vehicle sides
was recorded. The same procedure was carried out for the
other odorant using independent animal groups. Preference
of larvae for odorants was calculated as explained above and
preference indexes were all positive, as these are attractive
odorants for larvae [29]. These data are presented as Sup-
plementary Figures S1 and S2 (see Supplementary Material
available online at http://dx.doi.org/10.1155/2015/658918).

2.3. Evaluation of Larva Locomotion. Experiments were car-
ried out as indicated in [30]. Briefly, the movement of single
third instar larvae was recorded for 140 secs (OlympusDigital
Camera). To avoid the potential influence of external or
visual cues, the recordings were carried out under constant
illumination in a closed box. Motor behavior was analyzed
using an automated tracking system (Image-Pro Plus 6.0
software; Media Cybernetics Inc, Rockville, MD, USA) and
is expressed as distance covered by the animal (in mm) [30].

2.4. Atropine Treatment. Whenever required, animals were
trained in presence of agar supplemented with atropine, a
well-known antagonist of mAChRs. Different concentrations
of atropine were used (10 nM, 1 𝜇M, and 100 𝜇M).

It is very difficult to assess the amount of atropine reach-
ing the brain of larvae during our experiments. However,
given the fact that we observe defects in olfactory memory
(see Section 3) it is very likely that these effects are caused
by this drug once it has reached the larval central nervous
system (CNS). As an indirect method to estimate the amount
of drug entering the larvae, we carried out experiments
where agar was supplemented with a food colorant, tar-
trazine, 0.03mg/mL (Comercial Cherry Ltda, Chile). Twenty
animals were exposed to this colorant-supplemented agar
for 1 h, in the same conditions used in the memory training
experiments. Afterwards, larvae are rinsed with water and
homogenized. After a centrifugation at 4000 rpm, colorant
concentration is measured in the supernatant. Data obtained
suggests that colorant reaches a concentration inside larvae
of 0.21 ± 0.08𝜇g/mL/larvae (𝑛 = 315 larvae).

2.5. Expression of mAChR in Larvae. Animals obtained from
the mating of flies containing the mAChR-Gal4 and the
UAS-eGFP genetic elements were crossed to recombinant
animals bearing the GH146-QF, QUAS-Tomato transgenes.
Only animals obtained from this cross that were both positive
for GFP and Tomato fluorescence were imaged. Larvae
were predissected in phosphate-buffered saline (PBS). The
brains still attached to the body wall were fixed for 30min
in PBS containing 4% paraformaldehyde and subsequently
rinsed in PBT (phosphate buffer containing 0.3% Triton X-
100). Brains were mounted with Slowfade Gold Antifade
Reagent with DAPI (Life Technologies, US) and visual-
ized under a confocal spectral microscope Nikon Eclipse
C2 using 20x, 40x, and 60x objectives, at a resolution
of 1024 × 1024 pixels and a Z-step of 0.5 microns. The
software used to process and display microphotographs was
ImageJ.
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Figure 2: Establishing the conditions for larval aversive olfactory learning and memory. (a) Example of preference for AA over EA observed
in larvae exposed to different ratios of EA/AA odorant dilutions. Odorant ratios induce a preference that is 60% or above, when the dilution of
AA is set to 1 : 10 and the EA dilution is modified to obtain the indicated EA/AA dilution ratios (in black). On the other hand, whenmodifying
the dilutions of both odorants to obtain an EA/AA ratio of 10 (in red), it leads to an equilibrated preference response (50% + 4.7%) that is
different from the other dilutions shown. This data argues in favor of the idea that to control for responses to odorant dilutions is necessary
for a balanced response of animals exposed to these stimuli. (b) Three training cycles induce a robust olfactory memory that lasts at least
30min in larvae. Animals were subjected to a reciprocal training: larvae were exposed to one odorant in presence of salt and then to a second
odorant that was not associated with salt. This training cycle was repeated two more times. Afterwards, animals were placed for 3min in the
test plate where the two odorants are present.The number of larvae in the conditioned and nonconditioned side of the chamber was recorded
at different time points. Data show that control animals form an aversive memory, while two animals expressing a mutation for the cAMP
signaling cascade (dunce1 and rut2080) do not. Each data presented (in a and b) was obtained from at least 10 different experiments, each one
consisting of 15 or more larvae, so that the minimum amount of animals for any data point was 174 and 169 larvae in (a) and (b), respectively.
∗, ∗∗∗ indicate 𝑃 < 0.05 and 𝑃 < 0.001, as compared to data obtained in control animals at the same time point (two-way ANOVA followed
by Bonferroni multiple comparison post hoc test). 𝜙 indicates data different from zero in control animals (𝑃 < 0.05, Wilcoxon signed rank
test). None of the values obtained in mutants are different from zero.

2.6. Bioethical and Biosafety Issues. All experimental pro-
cedures were approved by the Bioethical and Biosafety
Committee of the Facultad de Ciencias Biológicas, Pontificia
Universidad Católica de Chile, and were conducted in accor-
dance with the guidelines of the National Fund for Scientific
and Technological Research (FONDECYT) and the Servicio
Agŕıcola y Ganadero de Chile (SAG).

3. Results

3.1. Finding the Experimental Conditions for AversiveOlfactory
Learning in Drosophila Larvae. Drosophila larvae can be
trained to avoid odors associated with different aversive
stimuli, including electric shocks or chemicals such as qui-
nine or salt. Reciprocal training using two different odorants
diminishes the variability associated, among other factors,
with the näıve preference expressed by an animal for one of
the odorants. Figure 2(a) shows a typical behavioral response
observed in control larvae when exposed to the two odorants
EA and AA. Data expressed as preference when animals are
exposed to different ratios of EA to AA dilutions show a
median close to or above 60% for all experimental conditions
(boxes in black) and a big variability. These data were

obtained modifying only the dilution of EA while AA was
used at a 1 : 10 dilution and reflects how important it is to
control for the näıve response of larvae to odorants, as to
find dilutions that lead to an equal distribution of animals
when in presence of the two odorants. The last data shown
(Figure 2(a), box in red) present the naı̈ve response of larvae
exposed to EA (1 : 10 dilution) andAA (1 : 100 dilution). In this
condition, preference expressed by animals for odorants is 50
± 4.7%.These are the odorant dilutions used in the rest of this
work.

It has been previously shown that the duration of the
memory generated in larvae depends on different factors
including the learning protocol used (e.g., howmany training
cycles are used) or the quality and intensity of the US.
We have explored some of these issues and have found
that using three training cycles leads to memory that lasts
30–45min. By this time period, the memory performance
decreases to a level where no preference for odorants is
detected (Figure 2(b)). Moreover, our data show that this
olfactory memory depends on cAMP signaling, since it is not
observed in the cAMPphosphodiesterasemutantDunce or in
the calcium-calmodulin-dependent adenylate cyclasemutant
Rutabaga (Figure 2(b)). Altogether these data show that
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Figure 3: Expression pattern of mAChR in the larval brain. Animals expressing GFP in the pattern of the mAChR-Gal4 line were mated with
flies expressing GH146-QF, QUAS-Tomato. (a)–(d) are photomicrographs obtained at amagnification of 20x; ((e)–(h)) images at 40x; ((i)–(l))
at 60x. (a), (e), and (i) present DAPI fluorescence in blue; (b), (f), and (j) show red-tomato fluorescence under the expression pattern of the
AL Projection Neurons; ((c), (g), and (k)) GFP expression under the control of the mAChR-Gal4; (d), (h), and (l) are overlays of the blue,
red, and green images to the left. Cell bodies and processes expressing GFP under the control of mAChR expression pattern are observed in
the ventral nerve cord and the MB region, particularly in the calyx region (indicated by white arrowheads) and the larval MB lobes (shown
by white empty arrows). AL Projection Neurons are shown in (b), (f), (j), (h), and (l) by white arrows. Then high expression of mAChR is
detected in the MB region. Microphotographs obtained from representative experiment. Scale bars indicate 50 microns.

aversive olfactory memory can be generated in Drosophila
larvae, and as expected for this type of associative memory, it
is short-lived and depends on cAMP, consistent with previous
reports [5, 31, 32].

3.2. mAChR Contribution to Aversive Memory in Drosophila
Larvae. Once the conditions to generate olfactory aversive
memorywere obtained, we decided to assess the contribution
of mAChRs to this associative behavior.

First, we evaluated the expression of mAChRs in larvae.
Flies expressing eGFP under the control of mAChR-Gal4
were mated with animals containing the GH146-QF, QUAS-
Tomato transgenes. Thus, in these animals eGFP is expressed
according to the expression pattern of the receptor, while in
red it is possible to identify the AL Projection Neurons and

their connection with the MB Kenyon Cells. As shown in
Figure 3, mAChR is expressed at some level throughout the
entire larval CNS, but it is possible to clearly observe cell
bodies in the ventral nerve cord and also in the larval brain,
in and surrounding the MB region. Higher magnification
microphotographs show thatmAChR is localized in the calyx
and larval MB lobes (Figures 3(i)–3(l)). Little expression is
detected in the antennal lobe.This data shows that mAChR is
expressed in the larval MB.

Two different approaches were used to evaluate the
contribution of mAChRs to aversive olfactory memory:
one pharmacological and one genetic. For the first one,
Drosophila larvae were exposed to atropine (100 𝜇M), a well-
known mAChR antagonist, while being trained up to the
memory assays. Data obtained show that this pharmaco-
logical treatment abolishes the ability of larvae to generate
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olfactory aversive memory (Figure 4(a)). On the other hand,
our data show that the effect of atropine is dose-dependent
(Figure 4(b)). Since treatment with 100 𝜇Matropine does not
affect the olfactory acuity of larvae (Figure S1), these results
suggest that mAChRs contribute to the generation of olfac-
tory aversivememory. It has been shown that, as in adult flies,
larval MB contribute to the expression of motor programs
[30, 33]. Thus, it is important to control for locomotion in
animals treated with atropine. Experiments carried out in
animals exposed to atropine 100 𝜇M demonstrate that this
manipulation does not affect motor output in these animals
(larvae exposed to atropine covered 113.1 ± 14.4mm versus
95.0 ± 8.5mm in control animals, 𝑛 = 12 and 10 larvae
resp., 𝑡-test, 𝑃 > 0.05). Thus, all these data support the
proposition that mAChRs are contributing to the generation
of an aversive olfactory memory in Drosophila larvae, but it
does not address where mAChRs are acting to modulate this
memory.

To evaluate this issue, we turned to a genetic approach.
By using the Gal4-UAS technique, we expressed an RNAi for
mAChR (RNAimAChR) in the larval brain region associated
with olfactory memories, the MB. Animals were trained
as explained above and memory performance was assessed
as indicated elsewhere. Results obtained show that aver-
sive memories are not formed in animals expressing the
RNAimAChR in MB (Figure 4(a)). Experiments carried out in
animals expressing the RNAimAChR in MB show no effect
of this genetic manipulation on larval locomotion when
compared to control animals (112.5 ± 8.5mm covered by
animals expressing the RNAimAChR in MB, as compared to
90.5 ± 6.8mm and 116.1 ± 7.9mm inOK107-Gal4/+ andUAS-
RNAimAChR /+ animals, resp., 𝑛 = 16, 10, and 10 animals, resp.,
𝑃 > 0.05 ANOVA followed by Tukey post-test). Altogether
these data show that mAChRs are required in MB for the
generation of an aversive olfactory memory.

4. Discussion

Different proteins and molecules have been associated with
the formation of memory in different systems. Remarkably,
some of the key contributors to learning and memory are
highly conserved from arthropods to mammals. This makes
it possible to study some of the basic principles underlying
learning andmemory in invertebrates, knowledge that can be
later extrapolated to more complex systems [34, 35].

4.1. The Associative Olfactory Training in Drosophila Larvae.
In our lab we try to elucidate the contribution of receptors
and neural systems to complex behaviors including olfactory
learning andmemory. In order to progress on this subject, we
established a protocol for the formation of associative aversive
olfactory memory inDrosophila larvae. It has been suggested
that the larva is as good as a model system to elucidate
some of the cellular and molecular conditionings underlying
olfactory learning and memory in flies, as compared to adult
flies. The larva is considerably simpler in number of cells and
overall organization of the olfactory system [7, 8, 36], which
is one of the reasons we and others use it as an animal model

to get new insights on the cellular andmolecularmechanisms
responsible for the generation of new memories.

The reciprocal training protocol we regularly use in
our experiments is aimed at getting a robust, reproducible
memory of odors that is thought to be independent of the
odorant dilutions used for training and/or memory testing,
as in different set of experiments the US-paired odorant is
switched [26].This is different from training protocols where
only one odorant is associated with an US [32, 37]. However,
our data show that even when using the reciprocal training
protocol it is necessary to establish the adequate experimental
conditions leading to an equilibrated distribution of animals
exposed to the odorants in the test chamber before any
training. In fact, two different experiments carried out with
EA/AA dilution ratios of 10 lead to a different naı̈ve pref-
erence: when this ratio is obtained starting from a 1 : 10 AA
dilution, preference observed is above 60%; when a 1 : 100 AA
dilution is used to prepare this dilution ratio, the preference
observed is about 50%.This data suggests that it is important
to control for näıve preference of animals for the odorants
to be used in olfactory learning and memory experiments,
as this complex behavior depends on the ability of animals
to adequately sense and respond to odorant stimuli. Other
factors that could also affect the performance of animals in
this associative behavior include the presence of drugs (in our
case atropine) or theUS (i.e., salt in our experiment). All these
factors have been controlled in our experiments (data shown
as Supplementary Figures S1 and S2) to make sure the results
are indeed explained by the ability of animals to generate new
memories.

4.2. mAChRs in Drosophila Aversive Learning. The exis-
tence of one G-protein coupled metabotropic muscarinic
ACh receptor (mAChR, aka mAChR-A) has been shown in
Drosophila [22]. This mAChR shows high sequence homol-
ogyto vertebrate M1-type mAChRs and as expected induces
the activation of PLC to modulate membrane phospholipids
in heterologous systems [22–24]. Recently a second mAChR
was identified (a.k.a. mAChR-B [38]). This second putative
mAChR shows several differences in its amino acid sequence
and pharmacological and physiological properties with all
previously described vertebrate and invertebrate mAChRs,
including the fact that it is not activated by muscarine
or blocked by atropine or scopolamine, two well-known
mAChR antagonists [38]. Thus, it is not clear whether this is
actually a mAChR. For all these reasons we focused our work
only on the mAChR-A.

Expression studies have shown that the mAChR is highly
expressed in the adult MB and AL [23, 25]. Information
obtained from high-throughput expression studies indicates
that this receptor is also expressed in the larval CNS [39],
although up to now there was no information on the
expression of this receptor in specific larval brain regions.
Our data show for the first time that the mAChR is expressed
in somas and processes in the ventral nerve cord and the
larval MB region, specifically in the calyx and larval MB
lobes, positioning this receptor in the right place to modulate
olfactory learning.
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Figure 4: Genetic and pharmacological blockade of mAChRs disrupt aversive olfactory memory. (a) Flies exposed to the mAChR antagonist
atropine (100𝜇M, green bars) are not able to form the aversive olfactory memory as compared to control animals (blue bars). Each data
presented was obtained from at least 16 different experiments, each one consisting of 15 or more larvae, so that the minimum amount of
animals included in any data point was 317 larvae. ∗, ∗∗ indicate 𝑃 < 0.05 and 𝑃 < 0.01, as compared to data in control animals at the same
time point (two-way ANOVA followed by Bonferroni multiple comparison post hoc test). 𝜙 indicates data different from zero in control
animals (𝑃 < 0.05, Wilcoxon signed rank test). None of the values obtained in RNAi expressing animals was different from zero. (b) Atropine
effect is dose-dependent: while no effect on memory is observed in flies exposed to an antagonist concentration of 10 nM, a strong reduction
in aversive memory is observed at 100 𝜇M. Partial reduction although with big variability is observed in flies exposed to 1𝜇Matropine. Values
shown formemory performance correspond to data obtained 5min after training, when training andmemory test were carried out in presence
of indicated concentrations of the drug. Each type of data was obtained from at least 10 experiments, each one including 15 or more larvae.
The minimum amount of larvae in any data point was 151 animals. ∗ indicates 𝑃 < 0.05 as compared to control (one-way ANOVA followed
by Dunn’s multiple comparison test). (c) Expression of an RNAi for mAChR (RNAimAChR) inMB disrupts olfactory memory formation. Each
data presented was obtained from at least 15 different experiments, each one consisting of 15 or more larvae, so that the minimum amount of
animals included in any data point shownwas 299 larvae. ∗ indicates𝑃 < 0.05 as compared to data in genetic control animals at the same time
point (two-way ANOVA followed by Bonferroni multiple comparison post hoc test). Genetic controls show values for performance index
different from zero at 0, 5, and 15min (𝑃 < 0.05, Wilcoxon signed rank test). None of the values obtained in RNAi expressing animals was
different from zero.
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Two different but complementary approaches were used
to assess the contribution of mAChRs to olfactory aversive
learning in larvae. In one hand, animals were trained and
tested in presence of atropine, a well-known antagonist for
mAChRs. Data obtained show that these animals are unable
to form an aversive olfactory memory, which suggests that
mAChRs are required for memory formation. This approach
does not speak of the site wheremAChRs are acting tomodu-
latememory formation, and therefore several situations could
explain this result. Since cholinergic neurons convey the
information of the CS to the MB, it is possible that mAChRs
are presynaptically located in the AL Projection Neuron-
MB synapse to modulate ACh release in the MB region,
similar to what has already been suggested for nAChRs in
an in vitro AL-MB synapse preparation [20]. mAChRs could
also be located in the aminergic terminals responsible for
sending the information of the US to the MB, modulating
this synapse. The modulation of the release of amines by
cholinergic ligands is a possibility we have recently shown in
an in vitro fly brain preparation [40]. It is also possible that
mAChRs expressed in the MB neurons directly modulate the
activity of these cells to induce memory formation. Since our
expression studies support this proposition, we turned to a
genetic approach to assess this last possibility. Remarkably,
the specific expression of an RNAimAChR inMB fully inhibited
the formation of new aversive olfactory memory in larvae.
Altogether, these data demonstrate for the first time that
mAChRs expressed in MB are required for the generation of
aversive memory in Drosophila larvae.

The contribution of mAChRs in olfactory memory is
something already established in other systems. For instance,
it has been previously shown that mAChRs contribute to
olfactorymemories in honeybees [41, 42]. Interestingly, these
data support the idea that the muscarinic receptors are only
required for olfactory memory retrieval, not acquisition.
Moreover, the effect of mAChRs on olfactory memory in
honeybees depends specifically on theMB 𝛼-lobe [43].We do
not knowwhethermAChRs are required for specificmemory
phases or processes inDrosophila or if as in bees mAChRs are
required in specific larvalMB regions, but these are issues that
we are currently evaluating.

On the other hand, it has been shown that the admin-
istration of scopolamine, a nonselective antagonist for M1–
M5 vertebrate mAChRs, decreases different types of memory
in mammals [44–46]. Moreover, data obtained in mice
expressing a mutation for the M1-type mAChR show defects
on memory acquisition and consolidation [47]. Remark-
ably, rats treated with scopolamine in the prelimbic cortex
show deficient olfactory memory [48]. These data show that
mAChRs are important contributors in the generation of
memories, particularly olfactory memory, in mammals as
it is in insects. Our data contribute to the understanding
of the molecular underpinnings of memory formation in
Drosophila but further support the proposition that regard-
less of obvious anatomical differences, the key contribu-
tors to complex phenomenon including olfactory learning
and memory are conserved from arthropods to mam-
mals.
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Major depressive disorder (MDD) is characterized by a dysfunctional processing of autobiographical memories. We review the
following core domains of deficit: systematic biases favoring materials of negative emotional valence; diminished access and
response to positive memories; a recollection of overgeneral memories in detriment of specific autobiographical memories; and the
role of ruminative processes and avoidance when dealing with autobiographical memories. Furthermore, we review evidence from
functional neuroimaging studies of neural circuits activated by the recollection of autobiographical memories in both healthy and
depressive individuals. Disruptions in autobiographical memories predispose and portend onset and maintenance of depression.
Thus, we discuss emerging therapeutics that target memory difficulties in those with depression. We review strategies for this
clinical domain, including memory specificity training, method-of-loci, memory rescripting, and real-time fMRI neurofeedback
training of amygdala activity in depression.We propose that themanipulation of the reconsolidation of autobiographical memories
in depression might represent a novel yet largely unexplored, domain-specific, therapeutic opportunity for depression treatment.

1. Introduction

Depression is a chronic and devastatingmental disorder with
an estimated lifetime prevalence of 11.1–14.6% worldwide [1].
This disorder significantly impacts workforce performance
[2] and is associated with significant risks for all-cause
and suicide mortality [3]. Cognitive models for depression
provide a framework for comprehension of the psychological
mechanisms associated with its onset and recurrence. One of
the most influential of these models is the negative cognitive
triad proposed by Beck [4], which suggests that depression
results from activation of dysfunctional negatively biased
schemas about the self, the world, and the future. Schemas
in turn drive negatively biased cognitive processes, which in
a vicious cycle consolidate the schemas and provide the cog-
nitive roots for perpetuating the disorder [4]. Beck’s model

conceptualizes biases and distortions in cognitive processes
as rational and adaptive mechanisms which become mal-
adaptive and disturbed in chronic mental disorders [4]. This
theoretical paradigm supports cognitive behavioral therapy
(CBT), a psychotherapy that seeks identifying andmodifying
the biases in cognitive processes and ultimately transform
maladaptive cognitive schemas to more functional ones [5].
Compelling evidences indicate that CBT is effective for
depression treatment [6].

Consolidated memories were once thought to be persis-
tent and resistant to disruption [7]. However, accumulating
evidence has challenged this hypothesis by showing that
recollection returns consolidated memories to a labile state
[8–10] and that in order to persist these reactivatedmemories
must undergo a protein synthesis-dependent process referred
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to as reconsolidation [10]. During reconsolidation memories
can be strengthened, weakened, or modified, thus opening
an opportunity to transform seemingly stable memories [8]
and hence treat memory dysfunction across several mental
disorders [11–13].

Autobiographical memories frame and shape our emo-
tional life and provide input for planning and facing our
everyday challenges. These memories define who we are
and generate an updated sense of self [14], thus constituting
the milestones of social communication. Autobiographical
memory dysfunction is a hallmark of affective disorders and
is maybe the main cause for the ruminative retrieval of over-
general negative information observed in depression [15, 16].
Thus, we hypothesized that the reactivation of autobiographi-
cal memories and reconsolidationmay lead to the incorpora-
tion of new emotional or specific information into the origi-
nal trace; this mechanismmay play a role in psychotherapeu-
tic approaches for MDD [17]. Indeed, under the umbrella of
CBT, some innovative psychotherapeutic techniques for the
modification of dysfunctional autobiographical memories in
depression have been actively investigated [18, 19].

The overarching aims of this review are (1) to provide
an overview of autobiographical memory disturbances in
depression from a cognitive perspective; (2) to review neu-
roimaging studies of brain networks disturbed in depression
that are also believed to support autobiographical memory
processing; and (3) to review emerging evidences of psy-
chotherapeutic techniques targeting autobiographical mem-
ory disturbances in depression. We speculate that mecha-
nisms of memory reconsolidation may be explored as a novel
target for the modification of dysfunctional autobiographical
memories in MDD.

2. Search Strategy

For this narrative review, we performed a comprehen-
sive search of Pubmed/MEDLINE and PsycInfo electronic
databases from inception to October 10th, 2014. Search terms
were “autobiographical memory,” “memory reconsolidation,”
“neuroimaging,” “psychotherapy,” “cognitive behavioral ther-
apy” cross-referenced with “depress∗.” Only articles pub-
lished in English were considered. Articles were considered
for inclusion based on overall methodological quality. Rele-
vant meta-analyses were also included.

3. Autobiographical Memory Disturbances in
Depression from a Cognitive Perspective

Several decades of research indicate that individuals with
mood disorders remember their past differently from healthy
never-depressed controls [20].The autobiographicalmemory
test (AMT) remains the most widely used instrument for
the assessment of autobiographical memory in depression
research [21]. In the AMT participants are asked to recollect a
specific memory in response to a presented cue word within
a predefined time limit (e.g., 30 s or 60 s).The cue words vary
in emotional valence and studies often include positive and
negative words (e.g., joy and sadness, resp.) [22]. According

to their content, specificity, and duration, autobiographical
memories are then classified (see the following part).

Summary of Terms and Definitions Employed in This Review

Specific Memories. These memories refer to autobiographical
memories that can be localized in time and space and often
do not last longer than 24 hours.

Extended Memories.These memories refer to autobiographi-
cal memories that extend over long periods of time.

Categorical Memories. Autobiographical memories that re-
flect a repeated event (i.e., cannot bemapped to a specific time
and place).

Semantic Autobiographical Memories. These refer to mem-
ories that form the general knowledge about oneself (i.e.,
personal semantics).

Episodic Memories. These autobiographical memories are
characterized by a particular self-reflective mental state,
referred to as autonoetic consciousness, which implies that
the individual recollects or imagine his/her personal events
with a sense of (re/pre) experiencing by mentally “travelling
in time,” whether in the past or in the future.

Strictly Episodic Autobiographical Memories. These memories
are not only spatiotemporally unique autobiographical mem-
ories but are also accompanied by subjective (re/pre) experi-
encing phenomenological details (e.g., sensory, affective, and
contextual details).

Conceptual-Self.This theoretical mental attribute is stored in
the semantic memory system in the form of personal beliefs,
values and attitudes, self-knowledge of personality traits, and
judgments on a number of categories related to our abstract
self-representation.

Prospection. Imagining ourselves in the future, or prospec-
tion, plays a crucial role in planning, allowing one to select
strategic behaviors to engage in successful goal pursuit. Some
theorists have argued that remembering and future-oriented
thinking may reflect a single mental (brain) process.

Navigation. Topographical orientation refers to the capacity
to navigate spatial environments imagining one’s current
position, the desired endpoint, and possible routes using both
egocentric and allocentric perspectives.

Theory of Mind. A key aspect of social behavior refers to
the capability of understanding (i.e., mentalizing) that the
behavior of others is motivated by inner states, such as
thoughts, emotions, and values. The possession of a theory
of mind is necessary to understand our peers (i.e., to take
another’s perspective to predict their actions and reactions).

Default-Mode Network (DMN). The pattern of brain acti-
vations observed during rest conditions had been called
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the default mode of brain function and may represent stim-
ulus-independent thought or mind-wandering. The DMN
may set the stage for self-projection or scene construction.

The disturbed processing of autobiographical memories
is a trait-like cognitive manifestation of depression that may
contribute to the onset [23–25] and development [26] of
the disorder. The next sections discuss the abnormalities of
autobiographical memory found in depression.

3.1. Biased Recollection of Autobiographical Memories. One
striking clinical feature of patients during a major depressive
episode is the pervasively negative tone when they refer to
their past. In depression, a systematic autobiographical bias
favoring negative experiences is a replicated finding [27, 28],
with faster retrieval of negative autobiographical memories
when cued as well as a heightened spontaneous recollection
of negative memories [29, 30]. A selective attention towards
negative events may facilitate encoding of negative autobio-
graphical memories [5, 27].Moreover, a tendency to interpret
ambiguous scenarios in a negatively valenced fashion has
been reported [31, 32], which may further contribute to the
preferential encoding of negative autobiographical memories
in depression.

The recall of emotionally positive memories has been
identified as a core adaptive emotion mechanism to coun-
teract sad mood [32, 33]. In addition to the biased retrieval
of negative memories described above, depression is also
accompanied by diminished (and slower) access to posi-
tively valenced autobiographical past events [34–36]. Even
following recollection of positive autobiographicalmemories,
subjects with a previous diagnosis of depression do not
seem to experience mood enhancement [37], and in certain
circumstances recall of encouraging personal information
may even be detrimental [34, 37]. Moreover, individuals with
a past history of depressionmay recall positive autobiograph-
ical memories that are less vivid [38] and less emotionally
intense [39] than never-depressed controls. It should be noted
that a recent meta-analysis study of AMT data failed to
confirm that a significantly biased recall of more negative and
fewer positive autobiographical memories occurs in depres-
sion when compared with controls [40]. Despite method-
ological discrepancies [40], this meta-analysis concurs with
reports suggesting that recall of overgeneral autobiographic
memories in depressive patients in comparison to healthy
never-depressed controls (vide infra) is the most consistently
replicated finding across studies [29].

3.2. Overgeneral Memories. Another evident feature of auto-
biographical memories in depression is the propensity to
recollect categorical memories. In contrast to specific autobi-
ographical episodes, these overgeneral recollections comprise
themes related to repeated events, which present a consistent
pattern acrossmany past personal experiences.There is now a
large evidence base showing that this overgeneral processing
pattern overrides the recall of specific time and place details
(i.e., episodic recall) [20, 41, 42].

A possible explanation why categorical autobiographical
retrieval is so exuberant in depression relies on cognitive

theories of depression with their emphasis on the activation
of underlying negative schemata in this disorder, which
arguably consist of well-consolidated negatively valenced cat-
egorical themes [5]. A previous study used a “life chapters”
task to investigate the more emotionally salient overgeneral
themes in depression [34, 43]. Participants built individual
timelines, dividing their autobiographical past into “chap-
ters” (e.g., “time at school,” “time since married,” etc.) and
recollected positively and negatively valenced information
related to each chapter. Depressive individuals displayed
increased coherence and repetition of negative information
for each individual chapter. Conversely, never-depressed
participants presented the opposite pattern [43]. A greater
lifetime number of depressive episodes was related to a lack
of positively valenced coherence, indicating that a lack of
positive autobiographical themes is a possible marker for
episode recurrence [43]. However, these relevant findings
need to be confirmed in prospective studies.

There is now compelling evidences that the impairment
experienced by depressive individuals to recollect specific
autobiographical memories is consistently associated with
a worse prognosis (for a meta-analysis see [26]). There is
a reciprocal association between the recall of categorical
memories in depression and ruminative processes [44]. For
example, there are evidences that negatively valenced rumi-
native content may be instrumental in inducing overgeneral
retrieval in depression [16] and in dysphoria [45]. The field
awaits the design of longitudinal studies to address causal
associations between overgeneral retrieval, rumination, and
depression risk. Recent evidences indicate that individu-
als with elevated scores of neuroticism (a personality trait
characterized by relatively stable tendencies to respond with
negative emotions to threat, frustration, or loss) have the
tendency to retrieve negatively biased and overgeneral auto-
biographical memories [46, 47]. Importantly, neuroticism is
one of the most consistently replicated personality features
to be associated with a higher risk for depression [48, 49].
Thus, neuroticism may mediate the relationship between the
dysfunctional processing of autobiographical memory and
the onset of depression.

3.3. Other Psychological Mechanisms Related to Emotional
Autobiographical Memories. The recall of emotional autobi-
ographical memories is in certain circumstances a painful
process. Explicit and implicit psychological mechanisms to
avoid or suppress the assessment of negative past memories
and/or the emotions often linked to these memories seem
to be more common in depression [50, 51]. However, these
mechanisms may be counterproductive, with greater intru-
sion of unwanted autobiographical memories [52]. Attempts
to suppress these unwanted memories may further promote
the recollection of other distressing autobiographical memo-
ries [52].

Mental avoidance mechanismsmay operate in those with
depression in the retrieval process of emotional memories.
These mechanisms seem to be particularly prominent when
those memories are recalled as mental images instead of
verbal narratives [53]. Depressive individuals tend to adopt
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CApture

Rumination
Functional
Avoidance

eXecutive
dysfunction and

control

Overgeneral
autobiographical

memory

Consequences
(e.g., impaired problem solving)

Figure 1: The CaR-FA-X model. Three factors (CApture/Rumi-
nation, Functional Avoidance, and impaired eXecutive function and
control) interact to decrease the specificity of retrieved autobio-
graphical memories. These less specific memories and the three
factors per se can then have effects on cognition and behavior.

an observer perspective (i.e., they see themselves in the
situation but from the perspective of an outsider) when
recalling image-based memories [54]. A study in a non-
clinical sample demonstrated using contrasting experimental
manipulations that imagining positive events from one’s own
(i.e., field) perspective is critical to improving positive affect
[55]. Notwithstanding the fact that this finding deserves
replication in a sample with clinical depression, it seems
possible that the adoption of an observer perspective as
opposed to a field perspective may contribute to depressive
mood, regardless of the emotional valence of autobiographi-
cal memories.

Efforts to avoid unwanted autobiographical memories
and the adoption of an observer perspective may spur rumi-
native processed focused on the memories themselves or on
relating those memories to depressogenic categorical themes
through “mental traveling” [56].

3.4. The CaR-FA-X Model: An Integrative Model of Autobio-
graphical Memory Processing in Depression. The CaR-FA-X
model (Figure 1) proposed by Williams and colleagues [42]
conceptualizes the core mechanisms related to reduced auto-
biographical memory specificity in depression. This model
postulates that difficulties accessing specific autobiographical
memories result from the capture (Ca) of memory search
efforts by consolidated categorical depressogenic themes,
which then engage analytical, evaluative ruminative (R) pro-
cesses referred to as brooding [57]. Such capturemechanisms
are exacerbated by ingrained functional avoidance (FA) of
specific details of distressing autobiographical events, which

in turn leads to the processing of an autobiographical rep-
resentation at the categorical level. The ability to counteract
these dysfunctional processing mechanisms is compromised
as a function of the limited executive (X) control, which is a
consistent feature present in individuals with depression even
in remitted states [58, 59].

4. Brain Networks Related to Autobiographical
Memory Dysfunction in Depression

4.1. Brain Networks Involved in Autobiographical Memory
Processing in Healthy Subjects. The neurobiological sub-
strates related to autobiographical memory retrieval have
been extensively investigated in healthy human individu-
als through functional neuroimaging studies. Six published
meta-analyses have synthesized the main findings related
to autobiographical memory retrieval in healthy never-
depressed individuals [60–64]. Overall, these studies have
shown that autobiographical memory retrieval involves the
hippocampus [65–68], lateral temporal cortices [60, 69],
anterior cingulate cortex (ACC) [66, 70], and the dorsolateral
[69, 71, 72] and ventromedial [73, 74] prefrontal cortices.
These findings are summarized in Table 1.

Svoboda and colleagues performed the first of thesemeta-
analyses [60] and found that a core, left-lateralized network
of brain regions, including the medial and ventrolateral pre-
frontal cortex; the medial, lateral, and retrosplenial/posterior
cingulate cortices; the temporoparietal junction; and the
cerebellum, are primarily involved in AM retrieval. How-
ever, this meta-analysis included evidences obtained from
different experimental paradigms. The search for mecha-
nisms of autobiographical memory retrieval had followed
two distinct theoretical orientations. In the experimental,
laboratory-based tradition, subjects might be asked to study
a word list and a few minutes later tested on that list. The
idea is that each word is a micro-event, and understand-
ing how individuals recall or recognize such micro-events
would ultimately inform how life events are recollected.
The second tradition is more naturalistic in that researchers
investigate real-life past memories. A version of the AMT is
often employed in this approach. Therefore, the subsequent
analysis performed by McDermott and colleagues aimed to
test whether laboratory-based and autobiographical retrieval
tasks would differ regarding neurobiological (i.e., in brain
areas activated) substrates [61]. Hence this meta-analysis
revealed that these two paradigms activate different neural
networks while retrieving autobiographical memories (see
Table 1 for further details).

Interestingly, Spreng and collaborators [64] synthesized
19 studies and found that brain areas related to autobio-
graphical memory retrieval, prospection, navigation, theory
of mind, and the default-mode network (DMN) overlap.
Thus, the assessment of autobiographical memory might be
probing other mental processes, which are related to self-
representation in the past and in the future as well as to theory
of mind, although this hypothesis deserves confirmation and
replication in future studies. Kim investigated further the
role of the DMN and had proposed a dual-subsystem model
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for the DMN: a cortical midline subsystem (CMS) and a
parietotemporal subsystem (PTS) [63]. Areas of the CMS
were associated more with an autobiographical memory >
laboratory-based memory contrast than with an autobi-
ographical memory > rest contrast, whereas an opposite
pattern emerged in PTS regions (i.e., an autobiographical
memory > rest contrast was more evident than an autobi-
ographical memory > laboratory-based memory contrast).
The author suggested that the CMS subsystem would be
more involved in self-reference processing, while the PTS
systemwould be primarily related tomemory retrieval per se.
Nevertheless, this model has some limitations. For example, a
reciprocal communication between theCMSand the PTSwas
not accounted for, while the lack of fine anatomical resolution
is a significant shortcoming. However, the model may have
heuristic value as it might provide a framework to investigate
the role of different brain networks subserving the DMN in
the recollection of autobiographical memories.

Martinelli et al. [75] performed three meta-analyses of
functional neuroimaging studies investigating neural net-
works related to the retrieval of episodic memories (the
authors further studied “strictly” episodicmemories), seman-
tic memories, and the conceptual-self (Table 1). Importantly,
this investigation seems to confirm the prominent role of
the ventromedial prefrontal system in self-representation, as
this region was consistently related (i.e., activated) in the
three domains. Overall, these findings are in accordance
with postulations by Conway and Pleydell-Pearce [76] and
Conway et al. [77] suggesting that autobiographical memory
should be viewed as part of a larger self-memory system
with two functions: maintaining adaptive correspondence
and ensuring self-coherence.

4.2. Brain Networks Involved in Autobiographical Memory
Processing in Depression. The aforementioned dysfunctional
processing of autobiographical memories in depression and
the identification of neural networks related to the rec-
ollection of autobiographical memories in healthy human
subjects prompted researchers to investigate whether brain
activation in depressive patients would differ from the pattern
observed in control participants. We identified five relevant
functional neuroimaging studies performed in participants
with depression compared to healthy controls to date [78–
82]. The main findings are depicted in Table 2. Four studies
have specifically evaluated brain activation patterns related to
autobiographical memories. Zhu and colleagues performed
the first study investigating connectivity disturbances in
regions involved in the DMN as correlates of autobiograph-
ical memory in depression [80]. These authors found that
a decrease in functional connectivity between the posterior
cingulate cortex and the precuneus (observed in treatment-
näıve, first episode depressive individuals) correlated nega-
tively with the retrieval of overgeneral autobiographic mem-
ories. Furthermore, in the study by Young and colleagues,
differences in the pattern of brain activation associated with
the retrieval of specific autobiographical memories were
observed in remitted patients with major depressive disorder
compared to controls [82], while another study from the

same research group found a differential activation of brain
structures in first-degree relatives of individuals with MDD
[81].These findings suggest that alterations in brain activation
associated with the retrieval of specific autobiographical
memories may represent trait markers or even functional
neuroimaging endophenotypes for depression.

Overall, all these studies showed that the activation of
several brain regions differed when compared to healthy
participants, notwithstanding no specific finding consistently
emerged across different investigations. Some methodolog-
ical aspects might have contributed to these inconsistent
findings, namely, different clinical characteristics of included
participants with MDD (e.g., severity of affective symptoms),
previous exposure to antidepressant drugs, as differences in
experimental paradigms across studies.

Finally, overgeneral processing of information might be
related to two distinct processes: either a decrease in pattern
separation or an increase in pattern completion. Pattern
separation refers to the capability to dissociate similar stimuli
conveyed from the external world in distinct nonoverlapping
neuronal representations, while pattern completion enables
the proper generalization of similar stimuli conveyed from
the external world in the case of a partial sensory input
[83, 84]. Converging evidences indicate that the granule
cells of the dentate gyrus (DG) of the hippocampus are
primarily involved in pattern separation [84], while the CA3
region of the hippocampus has been implicated in pattern
completion [85]. Furthermore, extra-hippocampal regions
are also involved in pattern separation and in overgeneral
memory, including the nucleus reuniens and the medial
prefrontal cortex [86]. However, the role of all these areas
in the encoding or retrieval of autobiographical memories in
depression remains to be established.

Taken together, the precise neurobiological substrates
subserving autobiographical memory dysfunction in MDD
remain unknown (i.e., most findings deserve independent
replication, with the proper control of sample characteristics
as well as methodological differences). Furthermore, studies
investigating brain activation patterns following the retrieval
of autobiographical in depression (which may likely reflect
reconsolidation mechanisms) are lacking in the literature.

5. Manipulations of Autobiographical
Memories: Possible Therapeutic
Implications for Depression

Moscovitch and Nadel proposed a theory for memory
reconsolidation referred to as multiple trace theory (MTT)
[87]. According to this theory, the hippocampus remains an
integral part of the memory trace and it is always activated
during retrieval of episodic memories, regardless of the age
of the memory.TheMTT suggests that every time a memory
is recollected, the underlying mnemonic trace enters a labile
state and thus requires another period of consolidation
referred to as “reconsolidation” [88]. Such period opens an
additional opportunity to transform, update, or even disrupt
access to the memory [8]. Notwithstanding memory recon-
solidation was far more studied in experimental animals;
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this phenomenon has also been repeatedly demonstrated
in humans, including declarative memories (see [89] for a
review).

Schwabe andWolf [90] attempted to disrupt the reconsol-
idation of autobiographical memories. On day 1, participants
completed an AMT asking them to remember life episodes of
the past week. Specifically, they were instructed to associate
events to six adjectives (two positive, two neutral, and two
negative). One group performed this reactivation of events
after they read the story “War of Ghosts” to disrupt the recon-
solidation of autobiographical memories.Three other groups
performed only the reactivation, only read the story, or did
nothing, respectively. A surprise memory recall test one
week later showed that the reactivation + interference group
remembered significantly less details of the neutral events,
but no difference was observed for “positive” or “negative”
events. The same authors also demonstrated that exposure
to a “socially evaluated cold pressor test” (i.e., to activate
a stress response) after the reactivation of autobiographical
memories disrupted neutral but not emotionally valenced
memories [91]. Perhaps emotional memories would require
special conditions for modification because they are stronger
and more resistant to change (vide infra).

Lane and colleagues recently proposed an integrative
model suggesting that essential changes across diverse psy-
chotherapeuticmodalities involve the following: (1) reactivat-
ing old (sometimes painful) memories; (2) engaging in new
emotional experience that is incorporated to these reactivated
memories through reconsolidation; and (3) reinforcing the
integrative memory structure by practicing a new way of
behaving and experiencing the world in a variety of con-
texts [17]. This model considers the relevance of emotional
arousal in the therapeutic context as well as the intricate
and complimentary relationship between episodic (autobio-
graphical) memories and the semantic memory system [92–
94]. Given the relevance of autobiographical memory for
implicit/explicit cognitive and emotional processes, research
efforts have been directed to develop novel psychotherapeutic
strategies specifically targeting autobiographical memory
disturbances in depression.

Memory specificity training (MEST) is designed for par-
ticipants with depression to increase the retrieval of specific
past memories, counteracting the recollection of overgeneral
autobiographical memories described above. Raes and col-
leagues [95] developed a group-based MEST program with
a sample of depressed inpatients in an uncontrolled trial. The
program comprises five sessions conducted by trained psy-
chotherapists, where difficulties in recollecting specific auto-
biographical memories are exhaustively explored. Through
repetitively practicing the recall of specific memories elicited
by both positive and neutral cue words in early sessions and
to negative cue words in later sessions patients ultimately
introduce specific information and then retrieve specific
autobiographical memories following the presentation of all
types of cues. This pilot trial evidenced that the retrieval
style of patients became more specific and improvements in
specificity were significantly associated with amelioration of
several cognitive processes including rumination, cognitive
avoidance, and problem-solving skills [95]. Subsequently,

the first randomized controlled trial (RCT) of MEST was
conducted in a sample of bereaved, depressed, Afghan
refugees living in Iran (𝑛 = 23); this RCT also included
a 2-month followup [19], which at the end evidenced that
participants assigned to the MEST group retrieved a higher
proportion of specific memories and had lower depression
scores. However, this trial had several limitations, including
the small sample size and the fact that although included
participants had clinically significant depressive symptoms
(a score > 27 in the Mood and Feelings Questionnaire was
required for participation), a diagnosis of depression was not
established with a validated structured interview. Therefore,
these encouraging initial findings require replication in a
large and well-designed RCT that includes participants with
a clearly established diagnosis of depression.

These preliminary yet promising results of the MEST
approach may rest on reconsolidation mechanisms, through
the updating of overgeneral memories with incorporation of
specific information. Thus, we can speculate that its efficacy
might be improved with the exploration of some aspects of
memory reconsolidation. For example, the total duration of
the protocol and/or the cued reactivation of autobiographical
memories could be adjusted depending on specific charac-
teristics of the retrieved memory. For instance, it is known
that the age and strength of the memory influence whether
reactivation induces destabilization followed by reconsolida-
tion [96, 97]. Furthermore, the content and/or subtype of
the retrieved autobiographical memory tracemight influence
the likelihood of modification after reactivation. Rumination
could also promote reactivation/reconsolidation cycles, thus
opening a “window” for the manipulation of reconsolidation
through MEST. Finally, the stress response is able to impair
the reconsolidation of autobiographical memories depend-
ing on their emotional content [91]. Therefore, controlling
physiological parameters of the stress responsemight be used
during MEST sessions to probe any possible interference,
while the cold pressor stimulus might be used to enhance
specific retrieval to neutral cues.

The impact of recalling positive memories may be
enhanced through processes aiming to enrich these mem-
ories with affective, visual, and sensory details [34]. For
instance, it has been shown that the positive impact of the
memories in individuals with depression was enhanced by
focusing on detailed aspects of the memories, in contrast to
processing them in an abstract way [98]. Accordingly, it has
also been shown thatwhenpositive autobiographicalmaterial
is elaborated through imagery, the impact on emotion is
potentiated [99, 100]. A psychotherapeutic technique referred
to as method-of-loci (MoL) was developed to facilitate
assessment of these elaborated autobiographical memories
when they are most needed (i.e., in the service of emotion
regulation on a day-by-day basis).

The method-of-loci (MoL) is an ancient mnemonic
method that relies on memorized spatial relationships
between loci that are used to arrange and recollect episodic
memories [34]. The basic paradigm aims to incorporate
visual imagery to each to-be-recollected piece of information
with one of the loci along a route. MoL significantly amelio-
rated memory performance in näıve participants [101, 102].
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Figure 2: The method-of-loci (MoL). Associating a memory to loci in a familiar route might be used to enhance the retrieval of positive
autobiographical memories in depression.

In an initial, nonrandomized study, MoL was compared
to a chunking-and-rehearsal technique in small sample of
participants with major depressive disorder [18]. Participants
completed a week of retrieved training until the point they
could recollect all their identified memories without error.
On a surprise recall test after a further week, only participants
allocated to MoL training exhibited a “ceiling” memory
recollection. Notwithstanding, the MoL is a promising and
simple tool to enhance the assessment of elaborated positive
memories in depression; these findings deserve replication
in a larger randomized trial. Figure 2 depicts a hypothetical
worked example of this approach. The MoL involves the
incorporation of new information into an existing memory
trace, which may in turn involve reconsolidation mecha-
nisms.Thus, a careful scrutiny of the conditions under which
the reactivation and updating is conducted may (at least in
theory) improve its overall efficacy (vide supra).

Mindfulness-based cognitive therapy (MBCT) may be an
effective therapeutic modality for depression [103]. Although
MBCT is not primarily targeted at memories per se, MBCT
aims to enhance affective executive control over mental life
(including autobiographical memories) through the practice
of meditation skills that promote the ability to “step back”
from painful (i.e., distressing) mental content [104]. The
psychological changes promoted by MBCT are supported by
emerging neurobiological evidences [105].

The practice of MBCT requires a highly trained psy-
chotherapist [104]. Thus, research efforts have been directed
to distill core cognitive elements of MBCT into simpler
protocols. Kross and colleagues [106] investigated the effects
of self-distancing, the process of intentionally stepping back
on an experience to reflect on it and reappraise it from the
perspective of a distant observer.This more reflective process
differs from simply adopting and observer perspective upon
autobiographical memories, which could be counterproduc-
tive, as discussed above. Preliminary evidences indicate that
analyzing the meaning of memories from a self-distanced
perspective may promote psychological benefits for people
with depression [106].

Previous studies showed that blood oxygen-level-
dependent (BOLD) activity in the amygdala increased in
response to both positive and negative emotional stimuli in
healthy individuals [107]. A functional lateralization between
the right and the left amygdala has been proposed such that
the right is activated in rapid/automatic detection of emo-
tional stimuli, while the left enables detailed stimulus evalu-
ation [107, 108]. Evidences now suggest that hemodynamic
responses in the left amygdala may be “doubly dissociated”
in depression from healthy controls by virtue of presenting
a greater response to negative stimuli and an attenuated
response to positive stimuli [109, 110]. Recently, Young
et al. [111] developed a novel real-time functional magnetic
resonance imaging neurofeedback (rtfMRI-nf) training of
amygdala activity in patients with MDD. Participants were
assigned to receive rtfMRI-nf training from either the left
amygdala (𝑛 = 14) or the horizontal segment of the intra-
parietal sulcus (control group, 𝑛 = 7) and instructed to
contemplate positive autobiographical memories to raise the
level of a bar representing the hemodynamic signal of the
brain region of interest to a target level. Participants in the
experimental group upregulated their amygdala responses
during memory recollection [111]. Significant pre-post scan
improvements in positive mood were evidenced in the
experimental group versus the control group. These prom-
ising preliminary data deserve independent replication in a
larger sample, and the long-lasting effects of left amygdala
rtfMRI-nf training on mood remain to be established.
Furthermore, these findings suggest the usefulness of this
technique to manipulate amygdala responses during the
reconsolidation of autobiographical memories.

6. Concluding Remarks and Perspectives

This review indicates that autobiographical memory dys-
function (especially, overgeneral memory recollection) is
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a constant neuropsychological correlate of depression. Fur-
thermore, compelling evidence indicates that these distur-
bances may represent trait-markers for the disorder. Discrete
brain regions integrating separate networks mediate the
retrieval of autobiographical memories. These networks are
distinctly activated during the recollection of autobiograph-
ical memories in depression, although a consistent pattern
of activation in comparison with healthy individuals did not
emerge. Finally, this extensive review indicates that promising
therapeutic strategies specifically targeting autobiographical
memory dysfunction in depression have been developed.
However, these techniques are based on a solid preliminary
research base, and more well-designed trials are needed
to establish the effectiveness of these interventions before
incorporating them in the routine care of depressive patients.
We hypothesize here that the retrieval of autobiographical
memories in depression would render the memory trace
labile and susceptible to change through the process of recon-
solidation. Furthermore, ongoing research on biobehavioral
mechanisms of memory reconsolidation in humans may
provide valuable insights to apprimorate psychotherapeutic
strategies targeting autobiographicalmemory disturbances in
MDD.

Our review also opens important directions for further
research. For example, additional studies are needed to elu-
cidate brain networks subserving autobiographical memory
dysfunction in depression. Despite drug therapies targeting
the reconsolidation of autobiographical memories being
abundant in posttraumatic stress disorder (PTSD) (see [10]
for a review), these studies are still lacking in depression.
To date, no published drug trial had attempted to modulate
the reconsolidation of distressing autobiographical memo-
ries in depression. Furthermore, the role of subsyndromal
affective symptoms on the persistence of autobiographical
memory disturbances in depression deserves elucidation.
Future studies should include larger samples controlling
for potential confounders (e.g., treatment status, number of
previous episodes, etc.).

Finally, disturbances in autobiographical memory pro-
cessing seem to cut traditional diagnostic boundaries and
are present in several chronic mental disorders (e.g., sub-
stance abuse, PTSD, and depression). The recently proposed
National Institute of Mental Health research domain criteria
(RDoC) [112] state that targeting transdiagnostic, neurobi-
ologically informed domains could improve precision and
guide therapeutic efforts in psychiatry in the future. In
this changing scenario, disturbed autobiographical memory
neural circuits could represent a novel transdiagnostic thera-
peutic target for mental disorders.
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[49] C. H. Vinkers, M. Joëls, Y. Milaneschi, R. S. Kahn, B. W. J. H.
Penninx, and M. P. M. Boks, “Stress exposure across the life
span cumulatively increases depression risk and is moderated
by neuroticism,” Depression and Anxiety, vol. 31, no. 9, pp. 737–
745, 2014.

[50] T. Beblo, S. Fernando, S. Klocke, J. Griepenstroh, S. Aschen-
brenner, and M. Driessen, “Increased suppression of negative
and positive emotions in major depression,” Journal of Affective
Disorders, vol. 141, no. 2-3, pp. 474–479, 2012.

[51] J. A. Sumner, “The mechanisms underlying overgeneral auto-
biographical memory: an evaluative review of evidence for the
CaR-FA-X model,” Clinical Psychology Review, vol. 32, no. 1, pp.
34–48, 2012.

[52] T. Dalgleish and J. Yiend, “The effects of suppressing a neg-
ative autobiographical memory on concurrent intrusions and
subsequent autobiographical recall in dysphoria,” Journal of
Abnormal Psychology, vol. 115, no. 3, pp. 467–473, 2006.

[53] J. P. Klein and S. Moritz, “On the relevance of mental imagery
beyond stress-related psychiatric disorders,” Frontiers in Psychi-
atry, vol. 5, article 77, 2014.

[54] G. Nigro and U. Neisser, “Point of view in personal memories,”
Cognitive Psychology, vol. 15, no. 4, pp. 467–482, 1983.

[55] E. A. Holmes, A. E. Coughtrey, and A. Connor, “Looking at or
through rose-tinted glasses? Imagery perspective and positive
mood,” Emotion, vol. 8, no. 6, pp. 875–879, 2008.

[56] J. Okuda, “Prospection or projection: neurobiological basis of
stimulus-independent mental traveling,” Behavioral and Brain
Sciences, vol. 30, no. 3, pp. 328–329, 2007.

[57] W.Treynor, R.Gonzalez, and S.Nolen-Hoeksema, “Rumination
reconsidered: a psychometric analysis,” Cognitive Therapy and
Research, vol. 27, no. 3, pp. 247–259, 2003.

[58] E. Bora, B. J. Harrison, M. Yücel, and C. Pantelis, “Cognitive
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The synaptic tagging and capture (STC) hypothesis provides a compelling explanation for synaptic specificity and facilitation of
long-term potentiation. Its implication on long-termmemory (LTM) formation led to postulate the behavioral taggingmechanism.
Here we show that a maintenance tagging process may operate in the hippocampus late after acquisition for the persistence of long-
lasting memory storage.The proposed maintenance tagging has several characteristics: (1) the tag is transient and time-dependent;
(2) it sets in a late critical time window after an aversive training which induces a short-lasting LTM; (3) exposing rats to a novel
environment specifically within this tag time window enables the consolidation to a long-lasting LTM; (4) a familiar environment
exploration was not effective; (5) the effect of novelty on the promotion of memory persistence requires dopamine D1/D5 receptors
and Arc expression in the dorsal hippocampus. The present results can be explained by a broader version of the behavioral tagging
hypothesis and highlight the idea that the durability of amemory trace depends either on late tagmechanisms induced by a training
session or on events experienced close in time to this tag.

1. Introduction

The synaptic tagging and capture (STC) hypothesis provided
a strong framework to explain how to achieve synaptic
specificity and persistence of electrophysiological-induced
plasticity changes. It predicts that induction of long-term
potentiation creates a synapse-specific “tagged state” that
may capture diffusible plasticity-related proteins (PRPs) that
are induced by other neural activity [1, 2]. The functional
relevance of STC hypothesis and its implications for learning
and long-termmemory (LTM) formation led to postulate the
behavioral taggingmechanism [3].This process explains how
weak trainings inducing a short-term memory and a “learn-
ing tag” can be established into LTM (lasting at least 24 h)
if animals are exposed to a novel experience which provides
the PRPs. Two important requirements for this process are
the critical time window of efficacy, justified in part for the

transient aspect of the tag and the novelty attribute of the
associated experience [3, 4]. In the few past years, several
research groups have worked on the behavioral tagging pro-
cess demonstrating that it was observed in operant and Pavlo-
vian aversive paradigms, in the formation of extinction and
spatial object recognition memories and in other tasks based
on spatial learning [2–14]. Moreover, a similar phenomenon
was observed also in school children who had learnt about
a tale or a drawing, suggesting the generality of the process
in long-lasting memory formation [15]. Despite the plethora
of information concerning the behavioral tagging in LTM
formation, up till now there is no information about the
existence of a maintenance tag underlying the process for
long-lasting memory storage.

Given that a late BDNF- (brain-derived neurotrophic
factor-) and protein synthesis-dependent phase of consolida-
tion occurring around 12 h after strong inhibitory avoidance

Hindawi Publishing Corporation
Neural Plasticity
Volume 2015, Article ID 603672, 9 pages
http://dx.doi.org/10.1155/2015/603672

http://dx.doi.org/10.1155/2015/603672


2 Neural Plasticity

(IA) training in the dorsal hippocampus is required for
memory persistence [16, 17], we predict that IA training
generates amaintenance-specific tag late after training, which
captures PRPs required for long-lasting memory storage.
Then, we postulate that a weak IA training that generates a
short-lasting LTM of a couple of days would just create a
maintenance-specific tag while PRPs necessary for memory
persistence would be provided by a close-in-time novel
experience. As a consequence, the duration of the storage of
the original IAmemorywould bemuch longer than expected,
establishing a long-lasting LTM.Here, we present evidence of
a late “tagged state” of the memory trace which is involved
in the persistence of LTM storage through a maintenance
tagging process.

2. Materials and Methods

2.1. Subjects. A total of 315 male Wistar rats from the
vivarium of the Italian Hospital (Buenos Aires, Argentina)
weighting 230–260 g were used. Animals were housed five to
a cage and kept at a constant temperature of 22∘C, with water
and food ad libitum, under a 12 h light/dark cycle (lights on at
8:00 A.M.). Each animal was used only for one experiment.
Experimental procedures followed the guidelines of the USA
National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Animal
Care and Use Committees of the University Buenos Aires
(CICUAL).

2.2. Surgery. Rats were bilaterally implanted under deep
ketamine/xylazine anesthesia (100 and 5mg/kg, resp.) with
22 g guide cannulae aimed at dorsal CA1 region of the
hippocampus (AP −4.3mm, LL ± 3.0mm,DV 1.4mm) (from
Bregma). Coordinates were based on Paxinos and Watson
(1997) [18]. Cannulae were fixed to the skull with dental
acrylic. Obturators were then inserted into the cannulae to
prevent blockage, with the same or less length of the cannulae.
At the end of surgery, animals were injected with a single
dose of meloxicam (0.2mg/kg) as analgesic and gentamicin
(2.5mg/kg) as antibiotic. Behavioral procedures began 5–7
days after surgery.

2.3. Inhibitory Avoidance Training and Testing. After recovery
from surgery, animals were handled once a day for two days
and then trained in inhibitory avoidance (IA) as described
previously [16]. Briefly the apparatus was a 50 × 25 × 25 cm
opaque acrylic box whose floor was a grid made of 1mm
caliber stainless steel bars. The left end of the grid was
covered by a 12 cm wide, 5.0 cm high platform. During the
handling session animals were manipulated in the same
way they were during intracerebral infusions. Briefly, they
were grasped by hand and slightly restrained in the lap or
the arm of the investigator. During the second day of this
manipulation in most animals there were no evident signs
of stress. For training, animals were gently placed on the
platform and, as they stepped down onto the grid, received
a single 3 sec, 0.4mA scrambled foot-shock. The parameter
evaluated during training and testing sessions is the latency to

step down from the platform. Rats were tested for retention at
either 1 day, 2 days, 7 days, or 13 days after training, depending
on the experiment. In the test sessions the footshock was
omitted and the latency was evaluated for a maximum of 300
seconds. All animals were tested only once (except one group
of Figure 1(b)). Training was always performed between 8:30
and 9:30 A.M. For each experiment the number of animals in
each group is detailed in the Results.

2.4. Drug Infusions. The volume infused was 1𝜇L/side and
the infusion rate was 0.25 𝜇L/min. For intracerebral infu-
sions, 30-Gauge needles connected to Hamilton syringes
were used. Infusions were delivered through a needle extend-
ing 1mm beyond the tip of the guide cannula. The needle
was left in place for additional 120 sec to minimize backflow.
During the procedure, the animals were slightly restrained
with the hands, without provoking any evident stress as
mentioned in the previous section. Drugs and doses were
as follows: SCH 23390, 1.5 𝜇g/side (purchased from Sigma-
Aldrich); oligonucleotide pairs (ODNs, Genbiotech, S.R.L)
were prepared according to Guzowski et al. [19]. ODNs
are chimeric phosphorothioate/phosphodiester, which con-
tained phosphorothioate linkages on the three terminal bases
of both the 5 and 3 ends and phosphodiester internal bonds.
arc antisense ODN (arc ASO) was directed against a 20
mer sequence (bases 209–228, GenBank accession number
U19866) covering the arc start site. Missense arc ODN (arc
MSO) containing the same base composition in randomized
order served as control. ODNs were dissolved in saline
solution and infused into the CA1, in a concentration and
volume of 1 nmol/𝜇L per side.

2.5. Cannula Placement. To check cannula placement, 24 h
after the end of the behavioral procedures, animals were
deeply anesthetized and killed by decapitation 15min later,
and histological localization of the infusion sites was estab-
lished using a binocular magnifying glasses. Coordinates
were based on Paxinos and Watson (1997) [18]. Schematic
representation of rat brain sections showing the approxi-
mated extension of the area (gray) reached by the infusions
of 1 𝜇L of methylene blue in the CA1 region of the dorsal
hippocampus is shown in Figure 3, which also include a
tissue slice showing the position of a cannula. Only data
from animals with cannulae located in the intended site were
included in the final analysis.

2.6. Open Field. Theopen field was a 50 cm high, 50 cmwide,
and 39 cm deep arena with black plywood walls and a brown
floor divided into nine squares by black lines. The number
of line crossings and rearings was measured manually during
each minute, in a 5min test session. The decrease of these
parameters is considered an index of spatial habituation [20].

2.7. Data Analysis. Data were analyzed by one-way ANOVA
followed by Newman-Keuls multiple comparison, repeated
measures, two-way ANOVA followed by Bonferroni com-
parison test or Student’s t-test when only two groups were
compared. In Figures 1(a) and 1(b) the statistical analysis
was performed with Student’s t-test because each time point
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Figure 1: (a) The promoting effect of OF is time-dependent. (A1, B1) Schematic representation of the experimental protocol is presented on
the top of each panel. (A2) Animals were trained in the IA and exposed to an OF 5 h, 8 h, 11 h, or 24 h after a weak IA training. Test was
performed 7 days after training. Only the exposure to an OF 11 h after training promotes the durability of IA memory. Data are presented as
mean ± SEM. (b) Exploration of an open field 11 h after training promotes the persistence of weak IA memory. (B2) Animals were trained
in the IA and exposed to an OF 11 h later. Test was performed in independent groups of animals at 1 day, 2 days, and 7 days after training. A
retest was performed at 13 days only with the animals that had been tested at 7 days (note a small increase of latency in this control group
probably due to the retest effect). Data are presented as mean ± SEM.

represents results of separate experiments. Data in the bar
graphs are presented as mean ± SEM.

3. Results

To determine whether a maintenance tagging process oper-
ates late after training to generate persistent LTM storage
we utilized IA training. This task has been extensively used
for studying posttraining memory processing because of
its rapid hippocampus-dependent acquisition and reliable
hippocampus-dependent recall [16, 21]. Moreover, IA train-
ing induces LTP in CA1 region [22]. Differences in LTM
duration can be achieved by modifying the amount or the
strength of IA training. Therefore, we trained rats with a

weak protocol in order to induce the expression of a robust
short-lasting LTM evaluated at 1 day, but a poor long-lasting
LTM tested beyond 2 days after training session. First, rats
were exposed to a novel environment 5, 8, 11, or 24 h after
training and tested 7 days after training (Figure 1(a)). The
enabling effect of OF on long-lasting IA memory was time-
dependent, being only effective at 11 h after a weak IA training
(Figure 1(a)) (IA versus IA + OF 11 h: ∗∗𝑃 < 0.01, 𝑛 = 16-17;
Student’s t-test). No effect was seen when rats were exposed
to a novel environment 5, 8, or 24 h after training and tested
7 days after training (Figure 1(a)) (IA versus IA + OF 5 h: 𝑃 >
0.05, 𝑛 = 11-12; IA versus IA + OF 8 h: 𝑃 > 0.05, 𝑛 = 10–12,
IA versus IA + OF 24 h: 𝑃 > 0.05, 𝑛 = 5; Student’s t-test).
Then, in order to evaluate if OF exposure affects selectively
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Figure 2: (a) A novel, but not a familiar, open field exposure promotes the durability of IA memory. (A1) Schematic representation of the
experimental protocol is presented on the top of the panel. (A2) Animals (“Familiar” and “New” groups) were exposed for 30min to the OF
24 h before IA training. On the day of the training, we used a different OF only for the labeled “New” group. Novel group of rats were exposed
to a single OF session the day of the IA training and the control group of animals did not explore the OF. (b) Bar graph represents the number
of quadrant crosses (B1) or rearings (B2) in a new or familiar OF during 5min. Data are presented as mean ± SEM.

the memory persistence, independent groups of rats were
trained in a weak IA, exposed to OF 11 h later and tested
at 1, 2, or 7 days after training session (Figure 1(b)). No
effects on memory expression were obtained when animals
were tested at 1 day after training (1 d, IA versus IA + OF
11 h: 𝑃 > 0.05, 𝑛 = 9-10; Student’s t-test). As expected,
memory expression was significantly increased 2 days after
the training session (2 d, IA versus IA + OF 11 h: ∗𝑃 < 0.05,
𝑛 = 15-16; 7 d, IA versus IA + OF 11 h: ∗∗𝑃 < 0.01, 𝑛 =
13–15; Student’s t-test). Even more, 7-day-tested rats that
were retested 13 days after training expressed an enhanced
long-lasting IA memory (13 d, IA versus IA + OF 11 h: ∗∗𝑃 <
0.01, 𝑛 = 11-10; Student’s t-test). These results indicate that
spatial novelty specifically enhances long-lasting LTMstorage

without affecting short-lasting LTM formation.Moreover, the
effect of OF on memory persistence occurs late after a weak
IA training and in a time-dependent manner, transforming a
short-lived IA LTM into a long-lasting IA LTM.

To directly address whether long-lasting LTM is induced
by the novel nature of the environment, we subjected animals
to an open field 30min on the previous day. On the day of
training, 11 h after a weak IA training, we use the same open
field (Familiar group) or a different one with respect to which
they were exposed the day before (New group). In contrast
to what is observed when a new environment is explored
no long-lasting LTM evaluated at 7 days is induced when
a familiar environment is presented (Figure 2(a)) (Control
versus Novel: ∗∗𝑃 < 0.05, 𝑛 = 15; Familiar versus New:
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Figure 3: (a) Schematic representation of rat brain sections at three rostrocaudal planes (AP−4.3mm, LL± 3.0mm,DV 1.4mm frombregma)
taken from the atlas of Paxinos andWatson (1997). In stippling, the extension of the area reached by the infusions in the dorsal hippocampus
(CA1). (b) Photomicrograph shows the placement of the cannula; the “X” indicates the place corresponding to the area of drug infusion in
hippocampus. Scale bar: 1mm.

∗
𝑃 < 0.05, 𝑛 = 16; Newman-Keuls test after ANOVA). We
registered the number of crossings (Figure 2(b), (B1)) and the
number of rearings (Figure 2(b), (B2)) during the 5min new
or familiar OF sessions, observing a significant decrease in
these parameters in the familiar group of rats (OFNew versus
OF Familiar; interaction crossings: ∗𝑃 < 0.05, interaction
rearings: ∗𝑃 < 0.05, repeated measures, two-way ANOVA
followed by Bonferroni test).These data reflect the habituated
response of rats when they explore a familiar environment.
In contrast, a high exploratory activity in the New group is
consistent with the recognition of the arena as a novel place.

It is well known that the novelty signal processing
involved the release of dopamine in the hippocampus from
the ventral tegmental area (VTA) [23]. Moreover, novel
explorationwas suggested to induceD1/D5 protein synthesis-
dependent process in the hippocampus [7]. Dopaminergic
neurons of the VTA innervate the CA1 region in the hip-
pocampus [24] and these dopaminergic connections also
control the late posttraining protein synthesis- and BDNF-
dependent persistence of LTM storage via activation ofD1/D5
receptor [16, 21]. To study if the promoting effect of novel
OF on long-lasting IA LTM was dependent on hippocampal
D1/D5 functionality, rats were CA1-infused (Figure 3) with
SCH 23390 (1.5 𝜇g/1 𝜇L per side), an antagonist of D1/D5
dopamine receptors, shortly after OF exploration at 11 h after
IA training. As shown in Figure 4(a), SCH 23390 blocked
IA LTM expression at 7 days (veh versus SCH: 𝑃 > 0.05,
𝑛 = 12-13; OF (11 h after IA) veh versus SCH: ∗∗∗𝑃 < 0.001,
𝑛 = 12-13; Newman-Keuls test after ANOVA), indicating
that hippocampal D1/D5 receptors are required for novelty-
induced promotion of LTM persistence.

Which are the PRPs important for the maintenance
of LTM storage? We and others demonstrated that a late

posttraining increase in the expression of BDNF is essential
for the persistence of LTM storage [16, 17, 25]. Arc is a
well-known PRP whose expression is controlled by BDNF
[26], and the exposure to a novel OF increased hippocampal
Arc levels [27, 28]. We recently demonstrated that the local
infusion of arc antisense oligonucleotides (ASO) 3 h before a
novel OF session impaired the increase in Arc protein levels
observed 30min after OF exposure [28]. Therefore, we next
determined whether Arc expression in the dorsal hippocam-
pus is required for novelty-induced promotion of long-lasting
IA memory. As shown in Figure 4(b), intrahippocampal CA1
infusion of arc ASO 8 h after IA training session prevented
the spatial novelty-induced promotion of long-lasting IA
memory observed in control group of rats injected with an
arcmissense oligonucleotide (MSO) (OF (11 h after IA), MSO
versus ASO: ∗∗∗𝑃 < 0.001, 𝑛 = 14-15; Newman-Keuls test
after ANOVA) when tested 7 days after IA training.

4. Discussion

The main finding of the present study is that a consolidated
but nonpersistent memory presents a delayed and transient
time window 11 h after the learning session in which it would
be possible to use proteins/products derived from a separate
novel experience, in order to make it persistent. This fact led
us to postulate the idea that a maintenance tagging process is
essentially involved in establishing a persistent IA LTM.This
could recapitulate the setting of a learning tag, at the moment
ofmemory encoding, which is required to formLTM through
a behavioral tagging process [3, 29].

Tonegawa and colleagues [30] first employed the term
maintenance tag to explain results consistent with the exis-
tence of a mark that capture protein components required
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Figure 4:The effect of novelty on the promotion of memory persistence requires dopamine D1/D5 receptors and Arc expression in the dorsal
hippocampus. (A1, B1) Schematic representation of the experimental protocol is presented on the top of each panel. (A2) Animals were trained
in the IA and exposed to an OF 11 h later. Shortly after exploration, rats were CA1 infused with SCH 23390 (1.5𝜇g/1 𝜇L per side) or veh. Two
other groups of rats were infused with veh or SCH in the absence of OF. Test was performed 7 days after training. (B2) Animals were trained
in the IA and 8 h after training they were CA1 infused with antisense (ASO) or missense (MSO) oligonucleotide of arc. 3 h later they were
exposed to an OF. Two other groups of rats were infused with MSO or ASO in the absence of OF. Test was performed 7 days after training.
Data are presented as mean ± SEM.

for stabilization of synaptic plasticity at three days, but not
at one day, after induction in Aplysia [31]. Here we describe
behavioral and pharmacological experiments supporting the
idea that a maintenance tagging process operates late after
training session in order to establish a persistent IALTM.This
is based on the following findings: (1) A long-lasting LTM is
established when a weak IA training is associated with the
exploration of a novel environment in a critical time window
around 11 h late after training; novelty experienced outside
of this time point is not effective. At 11 h after training the
system is prepared (tagged) to use the products derived from
the novelty experience (Figure 1(a)). (2) The exploration of a
novel environment prevents the decay of LTM at 2 or 7 days;
namely, it promotes the persistence of IA-LTM (Figure 1(b)).
(3) The exploration of a familiar environment does not
induce a persistent LTM (Figure 2). (4)The promoting action
of spatial novelty on the persistence of LTM over 7 days

depends on the activation of D1/D5 dopamine receptors in
the dorsal hippocampus at the moment of novelty explo-
ration (Figure 4(a)). (5) Finally, we demonstrate that the
OF effect depends on the induction of Arc expression in
the dorsal hippocampus, showing the requirement of Arc
protein to ensure the durability of IA-LTM (Figure 4(b)).
Thus, these findings show that the persistence of LTM
could be determined by behavioral events experienced by
subjects long time away the encoding of the information, by
using PRPs provided by those events. These findings are in
accordance with those reporting that a persistent IA LTM
is obtained by infusion of SKF 38393, an agonist of D1/D5
receptors, into the dorsal CA1 of weak IA-trained rats [21]
during a restricted time window comparable to that of the
novelty exploration-induced IA LTM persistence. Moreover,
it was found that BDNF expression in the hippocampus, con-
trolled by D1/D5 receptors, is required late after training for
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the persistence of LTM storage [16]; and that BDNF infused
in the dorsal hippocampus is sufficient to induce long-lasting
LTM in animals trained with a weak IA protocol [17]. It was
previously shown that hippocampal administration of SCH
12 h after a strong IA training impaired the persistence of
IA-LTM (tested 7 days after training). However, this effect
was overcome by the local administration of BDNF [21].
These experiments suggest that SCH did not affect the setting
or the establishment of the “maintenance tag,” because the
administration of one PRP (BDNF) could recover the IA-
LTM. The most parsimonious explanation is that D1/D5
activation triggers protein synthesis required for LTM to
persist. Together, findings fit well with the idea that a weak
training creates a transient maintenancemark or tag late after
training that captures PRPs (like Arc) induced by novelty
exploration. Our present results together with published
data [16, 17, 21, 32] suggest that novel, but not familiar, OF
induces D1/D5 receptor activation and Arc expression in
the dorsal hippocampus probably due to BDNF action on
TrkB receptors [26]. Arc represents a key candidate to be a
PRP because its mRNA accumulates in vivo near activated
synapses in the hippocampus, and it is locally translated [33].
Moreover, the involvement of Arc in the promotion of IA
LTM formation was demonstrated recently [28].

It has been recently reported that other interventions than
a novel OF during the late consolidation phase of a training
inducing a short-lasting LTM promoted the establishment
of long-lasting LTM. The stress or the administration of
corticosterone 12 h after a contextual fear conditioning selec-
tively prolongs the persistence of this LTM [34].These effects
were prevented by systemic administration of metyrapone, a
corticosterone synthesis inhibitor. As glucocorticoid recep-
tors have transcriptional effects on some target genes in
hippocampus [35, 36], we suggest that stress and corticos-
terone probably act providing PRPs required formaintenance
tagging process to induce a long-lasting LTM.

In this context, a neuromodulatory effect should be con-
sidered. Neuromodulation is a physiological process which
alters cellular and synaptic properties via widespread projec-
tions [37]. It is generated by the release of a neurotransmitter,
induced by an event or by the use of a drug. The well-
known modulatory effects on the strength of memory could
result from regulation of protein synthesis, which also are
essential for the formation and persistence of LTM [7,
21]. However, the main feature of the behavioral tagging
hypothesis involved the postulation of a specific transient
tag set by the learning experience to be remembered, which
captured/utilized PRP.We think that neuromodulation could
help provide the PRPs, but they will only be useful in a
restricted time window delimited by the tag’s kinetics.

Considering STC hypothesis and its behavioral tagging
translation, we propose that learning experience could signal
two separate marks, where PRPs will be captured in order to
allowmemory consolidation and persistence.Themost parsi-
monious molecular mechanism to explain these phenomena
is that the tags induced by the original training are active
at two different moments: first, during encoding for LTM
formation and, second, many hours later allowing the estab-
lishment of long-lasting memory storage. We also reasoned

that a significant proportion of synapses that are tagged by
the original experience and that capture PRPs required for
the formation of LTM are also marked many hours later and
capture PRPs required for the durability of thememory trace.
The current vision of STC hypothesis considers the tag as an
ensemble of molecules tending to modify the morphology
of the dendrite [2, 38]: candidates for synaptic tags during
long-term potentiation or during encoding of learning tasks
include two protein kinases activated by NMDA receptors,
CaMKII and PKA [7, 39], and the BDNF receptor TrkB [6].
However, the molecular underpinnings and the dynamics of
the proposed maintenance tag deserve further examination.

An important behavioral implication of our findings is
that the durability of memory depends not only on events
occurring at the moment of their encoding, but also on
other events occurring late after learning. The idea that a
maintenance tagging process participates in memory dura-
tion provides a novel behavioral approach and a wide frame-
work to explain reinforcements and impairments in memory
durability due to interventions occurring during the late
consolidation phase of long-lasting memories.
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The mainstream view on the neurobiological mechanisms underlying memory formation states that memory traces reside on the
network of cells activated during initial acquisition that becomes active again upon retrieval (reactivation). These activation and
reactivation processes have been called “conjunctive trace.” This process implies that singular molecular events must occur during
acquisition, strengthening the connection between the implicated cells whose synchronous activity must underlie subsequent
reactivations. The strongest experimental support for the conjunctive trace model comes from the study of immediate early genes
such as c-fos, zif268, and activity-regulated cytoskeletal-associated protein. The expressions of these genes are reliably induced by
behaviorally relevant neuronal activity and their products often play a central role in long-term memory formation. In this review,
we propose that the peculiar characteristics of Arc protein, such as its optimal expression after ongoing experience or familiar
behavior, together with its versatile and central functions in synaptic plasticity could explain how familiarization and recognition
memories are stored and preserved in the mammalian brain.

1. Introduction: Characterization of IEGs and
the Particularities of Arc

The immediate early genes (IEGs) were first described in
viruses and then identified in various cell lines. The IEGs are
transcribed following a variety of stimulations such as growth
factors, hormones, and cytokines in a protein synthesis-
independent fashion [1].Their relevance for the study in adult
neuronal plasticity was first brought to light in 1987, when
it was shown that c-fos, a protooncogene that is also a tran-
scription factor, was rapidly transcribed in neurons following
seizures [2]. A couple of years later, another transcription
factor, zif268, was identified; it was expressed after plastic-
ity inducing treatments such as maximal electroconvulsive
shocks and long-term potentiation (LTP). It has also been
demonstrated that zif268 transcription is dependent on N-
methyl-D-aspartate (NMDA) receptors activity, suggesting

a functional link between these receptors and IEGs in
the process of synaptic plasticity [3, 4]. In the following
years, Paul Worley and collaborators undertook the task of
identifying IEGs whose products were directly involved in
modifying cellular function, rather than transcription factors
with a presumably indirect role [5]. This gave rise to the
discovery of a whole new set of “effector” IEGs: the COX-
2 [6] an enzyme involved in lipid metabolism that was later
shown to be involved in long-term plasticity andmemory [7],
Homer1a, a scaffold protein that interacts with metabotropic
glutamatergic receptors and modulates intracellular calcium
signaling [8], and activity-regulated cytoskeletal-associated
protein (Arc), a protein involved in synaptic remodeling and
plasticity [9–12]. These IEG products appeared as excellent
candidates for proteins whose ongoing synthesis is essential
for LTM to occur. However, an obvious intriguing question
remained in how do proteins, newly synthesized in the soma,
become associated with potentiated synapses?
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In order to explain that question, the concept of “synaptic
tagging” was introduced. Synaptic tagging is the idea that
a translation-independent molecular mark must be estab-
lished at potentiated synapses in order to provide input
specificity for long-term, protein synthesis-dependent plas-
ticity mechanisms [13, 14]. With Arc being a candidate for
plasticity related proteins recruited by putative synaptic tags,
its discovery was particularly encouraging for a number of
reasons. After LTP-inducing stimulation of the perforant
path, Arc mRNAwas shown to accumulate specifically in the
medial molecular layer of the dentate gyrus (DG), that is,
the dendritic region that received the bulk of the stimulation
during this procedure [15, 16]. Importantly, this phenomenon
was later explained by the dendritic transport of its mRNA,
which also was obliterated by NMDA receptors antagonism
[15–18].

Further insight on the involvement of Arc in mem-
ory formation was gained when researchers examined the
dynamics of Arc mRNA in the hippocampal network after
exploration of a novel environment. That is, after 5min of
spatial exploration Arc mRNA was reliably detected in the
nuclei of activated cells of the hippocampus and cortex.
Interestingly, 25–30 minutes later, the percentage of cells
expressing Arc mRNA in the nucleus was comparable to
that of control animals, as the transcript already traveled
to the cytoplasm where it was reliably detected [19, 20].
This kinetics of Arc mRNA combined with the specificity
to physiologic stimuli [19, 21] has allowed the design of
a method combining in situ hybridization and confocal
microscopy to detect large neuronal populations activated
by two or even three distinct behavioral epochs [22, 23].
This tool, termed catFISH (for “cellular compartment analysis
of temporal activity by fluorescence in situ hybridization”),
has helped to advance our understanding of the neuronal
circuit underlying memory storage in a variety of behavioral
paradigms. The catFISH technique allowed demonstrating
that the population of cells expressing Arc during a sub-
sequent exposure to the same environment highly overlaps
with those expressing the mRNA during the first period.
However, when the two behavioral epochs consisted in two
strikingly distinct environments, the populations of cells
expressing Arc were shown to be statistically independent.
Noteworthy, in vivo single unit recordings have shown that,
during exploratory behavior in rats, ∼18% of CA3 and ∼40%
ofCA1 neurons show “place field” activity. Interestingly, it was
discovered that a similar proportion of neurons express Arc
mRNA in the nucleus.Thus, since these place cells are widely
believed to store contextually relevant information [24], this
further pointed to a role in Arc in declarative memory that
was consistent with the conjunctive tracemodel. Accordingly,
it was demonstrated that acute intrahippocampal inhibition
of Arc translation during the hours following acquisition
impaired LTMof a spatial navigation task [25]. Amore recent
study by the same group showed that inactivation of the
medial septum, a treatment known to impair hippocampus-
dependent learning and memory [26], abolishes behaviorally
induced Arc expression in this region [27]. Importantly
medial septum inactivation is known to spare location
specific firing in CA1 place cells [28]. These findings thus

strongly suggest that Arc expressing neurons represent a
memory storing engram rather than neuronal activity per
se and further strengthen the rationale behind mapping Arc
gene expression in neuronal networks during behavior.

Importantly, Arc expression mapping has been helpful
to visualize memory storing neuronal networks not only in
the hippocampus but also in several cortical and subcortical
regions under a wide variety of behavioral paradigms. For
example, some researchers took advantage of the conditioned
taste aversion (CTA) task in which a strong associative
memory is formed even if the conditioned stimulus (a novel
taste) and the unconditioned stimulus (postingestive induced
malaise) are presented 25min or even more apart [34]. This
considerable time lapse between stimuli allowed the authors
to perform a catFISH design allowing visualization of the
convergence of a conditioned stimulus with the uncondi-
tioned stimulus onto single neurons in the basolateral amyg-
dala [35]. Indeed, some amygdala neurons were activated by
both stimuli (had both nuclear and cytoplasmic Arc mRNA).
However, when the stimuli presentation was reversed, that is,
the LiCl injection was first and then the saccharin solution
was presented after 25min, the proportion of double stained
amygdala neurons was dramatically decreased. These results
strongly suggested that the observed convergence in the
forward conditioning represented associative learning rather
than mere overlap in the neuronal response [35]. Later,
inspired by this study, another group of researchers used the
conditioned odor preference task and showed that neurons of
basolateral amygdala “learned” to associate an odor with an
appetitive taste outcome, as a repeated convergence of taste
and odor inducedArcmRNA increments after several days of
pairing the smell with the taste [36]. A similar phenomenon
was observed in the insular cortex by another group; they
showed that an odor cue associated with a taste was as
efficient at driving IEG expression in insular cortex neurons
as the taste itself [37]. Moreover, in this study it was found
that when the same taste was presented twice, it tended to
induce IEG transcription (Arc and Homer1a) in the same
subset of neurons in the insular cortex, just as it occurred
in the hippocampus after repeated exploration of the same
environment [37].

2. Molecular Mechanisms of Arc-Dependent
Synaptic Plasticity

2.1. Tight Regulation of Arc Expression. As mentioned earlier,
intranuclear foci of immature Arc can be detected 2 to 5min
after exposing rats to an open field [19]. If the groups of
neurons that express Arc after information encoding were
memory storing networks, one would expect that changes
in synaptic activity would play a major role in this fast
and discrete Arc expression. Efforts were thus deployed at
identifying the precise cascade of events, from the synapse to
the nucleus, that give rise to Arc expression. A role of putative
memory-associated signaling pathways was early suspected
and, accordingly, it was found that depolarization-induced
Arc in neurons was dependent on intracellular calcium
influx and activation of cAMP dependent protein kinase and
extracellular signal regulated kinase signaling pathways [38].
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Later, another group showed that glutamate release at exci-
tatory synapses induces rapid Arc mRNA transcription in
hippocampal neurons by a mechanism that depends on
the transcription factor Myocyte Enhancer Factor type 2
activation [39]. However, the effects on Arc expression
obtained in these studies were rather modest considering
the robust increase observed under physiological conditions
[16, 19, 27]. A more recent study further sought to identify
highly preserved cis-acting elements in the Arc promoter
that could account for the very tight and dramatic activity-
dependent increase of Arc transcription reported in earlier
studies. Screening more distal parts of the Arc promoter
(∼7 kb) they found a ∼100 bp element that was sufficient to
replicate the full extent of Arc’s activity-dependent induction
(∼150 fold increase) after periods of intense activity in
vitro and coined this element, “synaptic activity responsive
element” (SARE). Importantly blocking 𝛼-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) and NMDA
receptors abolished SARE-induced transcription [40]. Note-
worthy, regions within the SARE element matched consen-
sus binding sequences for cyclic adenosine monophosphate
responding element binding protein, serum response factor,
andMyocyte Enhancer Factor type 2 (CREB, SRF, andMEF2,
resp.), three transcription factors strongly involved in neural
plasticity [41].Therefore, this element provided a mechanism
by which Arc transcript can be strongly induced, specifically
by synaptic activity.

In addition to the activation of the SARE element, a
mechanism that ensures rapid synaptic activity-dependent
Arc transcription was recently unveiled, which resides in
stalled RNA polymerase II at the transcription initiation
starts of Arc promoter [42]. Poised polymerase, along with
active chromatin marks and preloaded transcription factors,
provides a mechanism by which an activity induced signal
can bypass the time-consuming process of transcription initi-
ation and release RNA polymerase II for active transcription
[42]. Interestingly, interfering with RNA polymerase stalling
affected rapid induction of Arc but spared delayed IEG such
as early growth response protein 3. Thus, these new findings
on the molecular events that underlie Arc transcription help
to explain how it can exert its function in behaviorally
activated cells, in a fast and specific manner.

2.2. Arc Localization and Function

2.2.1. Synaptic Strength Decrease. Experiments aimed at
uncovering the role of Arc in synaptic plasticity at molecular
and cellular levels showed that, in dendritic spines, Arc
associates with the endocytic machinery, interacting with
dynamin and endophilin 2/3, components of the clathrin-
dependent endocytic machinery, thus enhancing AMPA
receptors endocytosis [43]. Arc is strongly induced in neu-
rons where its protein downregulates surface AMPA recep-
tors after periods of increased neural activity. Thus activity
induced Arc has a role in homeostatic synaptic scaling [44,
45], a non-Hebbian form of plasticity that serves to shift
back neural excitability to physiological range, while preserv-
ing the relative change in individual synapses induced by
Hebbian forms of plasticity, such as LTP [46–48]. Moreover,

rapid dendritic translation of “constitutive” Arc mRNA has
been shown to underlie metabotropic glutamate receptors-
(mGluR-) dependent long-term depression (LTD) through
Arc-dependent AMPA receptors endocytosis [49].

The role of Arc in the cell-wide weakening of glutamater-
gic synapses seemed counterintuitive, based on abundant
evidence showing accumulation of both Arc mRNA and
protein in potentiated dendritic regions [15, 29], as well
as its requirement for LTP maintenance [25, 50]. However,
groundbreaking new evidencewas brought to light in a recent
paper by Hiroyuki Okuno and collaborators that reconciled
the role for Arc in synapse-specific homeostatic plasticity
and synaptic tagging [51]. The authors first used a yeast
two-hybrid screening to identify protein partners binding to
Arc and identified an interaction with calcium/calmodulin-
dependent protein kinase II 𝛽 (CAMKII𝛽). This interaction
was found to be stronger in the absence of the Ca2+/CaM
complex, suggesting a preferential interaction with the inac-
tive form of the kinase. Moreover, after reliably and robustly
inducing global Arc expression in neurons, the authors
examined the effect of locally suppressing synaptic activity at
single presynaptic sites. Strikingly, this treatment increased
Arc accumulation at the inactivated synapses and, there,
Arc was shown to diminish surface AMPA receptor GluR1
subunit content. Together, these results show that after peri-
ods of increased activity that induce robust Arc expression
in neurons, it specifically accumulates at inactive spines by
interacting with the inactive form of CAMKII𝛽, that is not
bound to calmodulin, enabling what was termed “inverse”
synaptic tagging. The role of Arc, therefore, appears not only
to scale down neural excitability after Hebbian synaptic mod-
ifications but also to crucially increase the contrast between
potentiated and nonpotentiated synapses [52]. As mentioned
previously, global Arc mRNA increments have consistently
been observed at recently activated dendritic regions [22, 29].
It is probable that, under the settings used in these studies
and as acknowledged by the authors, LTP occurs only in
a subset of the stimulated synapses [29], as is also thought
to occur during learning [53]. Conceivably, accumulation of
Arc mRNA at activated dendrites or dendritic zones could
provide a mechanism where inactive synapses in the vicinity
of recently potentiated ones swiftly recruit massive amounts
of Arc protein for synaptic depression to occur at these sites.
However, as we shall see in the next section, a wealth of in vivo
evidence also argues in favor of a distinct and specific role
for de novo Arc translation in LTP consolidation at recently
stimulated synapses.

2.2.2. Synaptic Strength Increase. Agrowing body of evidence
in favor of a direct role for Arc in synapse strengthening, at
least under certain conditions, has recently received further
support. First to be mentioned is that de novo Arc protein
synthesis was soon shown to be required in vivo for the
maintenance phase of LTP of the perforant path [25]. Later
studies in Arc knockout mice confirmed a role for Arc in
both LTD and LTP. Specifically, LTP induction was shown
to be enhanced, while the maintenance phase was abolished
in both perforant path and Schaffer collateral pathways,
in agreement with the previous findings [50]. However,
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the strongest piece of evidence in favor of LTP consolidation
appears to come from studies using perforant path stim-
ulation of DG’s granule cells. Noteworthy and contrary to
what happens in hippocampal pyramidal cells where both
LTP and novel environment exploration induce a robust and
temporally discrete wave of Arc expression, a more gradual
and sustained increase of Arc mRNA and protein appear
to be produced by these procedures in DG’s granule cells
[33, 54–56]. Importantly, local infusions of Arc asODNs at 2 h
following in vivo high frequency stimulation of the perforant
path abolished LTP maintenance and impaired F-actin poly-
merization and cofilin phosphorylation, molecular events
that are thought to underlie learning-induced structural
plasticity [30, 55, 57].Most strikingly, treatmentwith the actin
stabilizing drug jasplakinolide, between LTP induction and
Arc asODNs treatment, abolished the deleterious effects of
Arc translation inhibition on LTPmaintenance.These results
strongly suggest that Arc’s role in DG LTP consolidation rests
in its ability to stabilize recently polymerized actin filaments
[55]. Finally, Arc asODNs infusions before LTP induction
with high frequency stimulation or BDNF infusions pre-
vented LTP expression indicating that Arc translation was
required for early LTP expression as well as maintenance.

Recently mechanistically distinct rounds of translation
that depended on sustained MNK activation through BDNF
signaling were shown to underlie DG-LTP [58]. Infusions
of BDNF scavenger TrkB-Fc or MNK inhibition brought
field evoked postsynaptic potentials as well as Arc protein
translation back to baseline. All in all, a very strong case
can now be made for a direct role of Arc in DG-LTP. As
observed before [59, 60] this quite strikingly contrasts with
Arc’s role in glutamatergic synapses weakening. However,
nothing supports the a priori principle that Arc’s function
should be similar in every studied cell type. In fact, its role
may differ between pyramidal and granule cells, as it was
recently proposed for BDNF’s [61]. This possibility should
draw serious attention given that, as mentioned earlier, it is
now demonstrated that Arc expression kinetics in granular
and pyramidal cells differ dramatically. Further, still little
attention has been paid to possible posttranslational modi-
fications to Arc protein as it was observed in an earlier paper
[59]. However, possible phosphorylation sites for PKC and
CamKII have been identified since the protein’s discovery [9].
As pointed out recently, and regardless of the experimental
settings or cell type, the bulk of Arc protein observed in
principal activated cell appears in the perinuclear cytoplasm,
where its function remains obscure [60] although it is now
established that at least part of it is shuttled to the nucleus.

2.2.3. Arc in the Nucleus: Cell-Wide Homeostatic Downscaling
of AMPA Receptors. Arc protein was first detected in the cell
nucleus of cultured hippocampal neurons in association with
promyelocytic leukemia bodies (PML), which are putative
sites of transcriptional regulation [62]. Consistently, a more
recent study further showed that stimulating DG granular
cells for prolonged periods, with brain-derived neurotrophic
factor or bicuculline, induced a gradual targeting of Arc
to the nucleus that reaches peak levels at 8 h. There, Arc
promotes the assembly of nuclear PMLbodies, which, in turn,

negatively regulate the transcription of the AMPA receptor
subunit GluR1. Importantly also, nuclear localizationwas also
observed after exposure to a novel environment not only
in the granular cells of the DG but also in hippocampal
CA1 and CA3 regions and in the somatosensory cortex.
Importantly, the kinetics of Arc accumulation to the nucleus
varied depending on the brain region and cell type. These
findings thus provide an additional, cell-wide mechanism by
which Arc promotes homeostatic plasticity, after prolonged
periods of synaptic activity [33]. All in all, Arc accomplishes
distinct functions depending on its interaction partners and
the time course of its accumulation.

2.3. Spine Type-Specific Accumulation of Arc Protein. Another
interesting observation is that the Arc-dependent downreg-
ulation of surface AMPA receptors appears to be specific to
certain dendritic spines, depending on their morphological
characteristics. Dendritic spines can indeed be classified in
distinct categories according to their shape, size, and struc-
ture, which are correlated with synaptic strength, motility,
and structural plasticity. “Mushroom” spines are larger, are
much more stable, and have a greater amount of AMPA
receptors than “thin” spines that are also much more labile
and dynamic. For these reasons, mushroom spines have been
referred to as “memory spines,” whereas thin spines are the
putative “learning spines” [63]. In agreement, thin spines are
more susceptible to Arc-dependent GluR1 endocytosis [64].
Further, Arc knockoutmice have increased seizure sensitivity
and epileptiform activity asmeasured with electroencephalo-
gram, whereas Arc −/− neurons have decreased spine density
but, crucially, increased spine width [64]. These findings
confirmed a role for Arc in homeostatic synaptic scaling and
global network stability. Arc protein targeting at synapses
“tagged” as inactive would diminish unspecific noise and
allow nearby potentiated Arc-negative thin spines to stand
out and eventually become “memory spines.” Conceivably,
synaptic potentiation and spine growth could be the “default”
mechanism that occurs in behaviorally activated cells; it well
could be that synaptic inactivity could be the trigger that
confers specificity. Alternatively, distinct, yet complementary,
mechanisms could occur at active synapse that would further
increase the contrast between potentiated and unpotentiated
synaptic networks (see Figure 1).

3. The Requirement of Arc for LTM Formation

Given the synaptic localization ofArc protein, its tight activity
dependence, and its striking effects on synaptic function,
efforts have been deployed to uncover its possible role at
distinct phases of the process of learning and memory. The
generation of Arc knockout mice revealed a role for Arc
in long-term but not short-term memory in a variety of
tasks, including object recognition memory and amygdala-
dependent tasks, such as conditioned taste aversion and
fear conditioning, showing that learning per se is unaffected
in these mice [50]. Furthermore, the formation of long-
term spatial memory as assessed by Morris Water Maze
task was impaired; Arc knockout mice were slower learners,
formed a less precise memory, and, interestingly, showed



Neural Plasticity 5

Novel stimulus

GluR1
SARE

Arc transcription

F-actin?
Spine growth?

Familiar stimulus

GluR1

Arc transcription 

mGluR

SARE

Translation-
dependent mRNA 

decay

NMDAr

Ribosome

Arc proteinAMPAr
Arc mRNA
EJC
PML bodies 
TrkB receptor

Ca2+
Ca2+/CaM
CaMKII𝛽

mGluR

NMDAr

Ribosome

Arc proteinAMPAr
Arc mRNA
EJC
PML bodies 
TrkB receptor

Ca2+
Ca2+/CaM
CaMKII𝛽

Figure 1: Hypothetical model of the differential role of Arc expression after the presentation of a novel and a familiar stimulus. In both
cases, active Arc expressing cells are presented in which a swift and massive calcium entry through NMDA receptors at synaptic sites induce
dramatic increase in Arc mRNA expression through “SARE” activation. Further NMDA receptors activation and increased protein synthesis
observed after novelty exposure could induce synaptic activity and translation-dependent Arc mRNA degradation as it was observed after
DG-LTP [29]. In the novelty condition, increased TrkB activation through BDNF may lead to increase in actin polymerization and spine
growth at potentiated synapses, mechanisms that, in addition to LTP, are thought to underlie the consolidation of novel information [30]. On
the other hand, familiarization primes dendrites for mGluR1-LTD and increased Arc protein synthesis [31, 32] arguably after reactivation of
the same circuit. In addition to synapse-specific downregulation of surface AMPA receptors, a more global, cell-wide mechanism occurs in
which Arc is shuttled to the nucleus and associates with PML bodies to repress GluR1 transcription. Accumulation of Arc in the nucleus has
been observed in the hours following novel environment exploration [33] and may also occur after familiar stimulus exposure.

less behavioral flexibility as they took longer to relearn
a new position of the target platform [50]. These results
in the Arc knockout mice were in accordance with the
seminal paper of Guzowski and collaborators mentioned
earlier that found impaired long-term spatial memory after
acute Arc translation blocking, therefore providing a first
causal link between de novo Arc protein synthesis and LTM
consolidation [25]. A requirement for de novo Arc protein
expression for consolidation and reconsolidation processes
was later unveiled in a great variety of learning and memory
paradigms. For example, in the amygdala, a key structure
involved in the storage of the emotional contingency related
to a context or a stimulus [65, 66], it was shown that admin-
istration of Arc antisense oligodeoxynucleotides (asODNs)
before training the animals in a Pavlovian fear conditioning
task affects its consolidation [67]. Furthermore Arc asODNs
administration 90min before reactivation of the same task
in the lateral amygdala impaired reconsolidation of this task
[68]. On the other hand, infusions of Arc asODN in the
basolateral amygdala 3 h before extinction of a contextual
fear conditioning task impaired shifting of the emotional
component of the context from aversive to safe [69].

Similarly, the importance of de novo Arc translation for
LTM formation was also demonstrated in the neocortex,
in both associative and nonassociative memory paradigms.
For example, posttraining administration of Arc asODNs in
the cingulate cortex was reported to disrupt LTM formation
in an inhibitory avoidance paradigm [70]. In our lab, we
showed that inhibiting Arc protein synthesis in the insular
cortex prevents familiarization with a safe taste and hinders
the hedonic shifting of a taste from aversive to safe during
extinction of conditioned taste aversion (CTA) (Guzman-
Ramos et al., manuscript in preparation). Taken together,
these data demonstrate that de novo Arc protein expression
in critical mammalian forebrain structures plays an essential
role in LTM formation. Therefore, while some factors have
been identified that specifically operate in either consolida-
tion or reconsolidation, this does not seem to be the case of
Arc which synthesis appears to be required indistinctively for
both processes [71, 72].These studies indicate that de novoArc
protein synthesis in the participating brain structures seems
to be required for both processes. Furthermore, they are in
agreement with observations by ours and other groups show-
ing that Arc protein expression increased once a behaviorally
relevant stimulus becomes familiar (see below).
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3.1. Is Synergy of Arc-NMDAReceptors Necessary for LTM? In
many tasks, the requirement for NMDA receptors activity in
order to consolidate LTM has been clearly established [73].
A functional link between NMDA receptors activation and
IEGs expression has long been suspected to underlie specific
synapticmodifications that are essential for the establishment
of a stable memory trace. As a matter of fact, inhibition of
NMDA receptors is known to hinder activity-dependent Arc
mRNA expression, localization at activated dendritic sites,
and degradation [9, 15, 29]. However, a direct involvement
of Arc-NMDAR interdependency in vivo during learning
was not tested until recently. To this matter, one group
used contextual fear conditioning, a task known to involve
NMDA receptors-dependent plasticity mechanisms in the
hippocampus [74], and showed an increase in Arc protein
accumulation in the hippocampus at 1 h after acquisition that
was blocked by NMDA receptor antagonist APV. Further-
more, pretraining infusions of Arc asODNs impaired consol-
idation but spared acquisition of contextual fear conditioning
tasks [75]. These results clearly point to a role of NMDA
receptors-dependent Arc synthesis in the hippocampus in the
formation of a long-term contextual fear memory. Yet a more
recent study sought to determine whether this Arc-NMDA
receptors synergy was also involved in memory retrieval of
a familiar task. Moreover, NMDA receptors activity upon
retrieval proved to be essential for contextual memory
maintenance as the increased locomotion upon subsequent
context exposure was attenuated in rats treated with NMDA
receptors antagonist APV [76]. These findings bring to light
further support for the idea that retrieval memories, even
well-consolidated ones, place the involved circuits in a labile
state that require further NMDA receptors-dependent Arc
protein synthesis for their stabilization. In the next section
we will discuss recent findings regarding the phenomenon
of retrieval-induced plasticity mechanisms, with a focus on
Arc, and their possible role in memory stabilization and
persistence.

4. Memory Circuits Reactivations and
Ongoing Synaptic Plasticity

Hebb’s second postulate stipulated that, in addition to feed-
forward synaptic strengthening, reverberation of neural
ensembles must occur in order to form a temporary unit
of memory storage. These ensembles of neurons facilitate
coincidence detection of upcoming sensorial information by
integrating information from temporally related, but spatially
segregated, neural activity [77]. In recent years, several
lines of experimental evidence have brought support and
refined Hebb’s proposal. In our lab, we examined putative
offline reactivations after associative learning at the level of
neurochemical extracellular changes, using the conditioned
taste aversion paradigm. First, we found a significant increase
of dopamine levels in the insular cortex during the inges-
tion of a novel saccharin solution. Second, intraperitoneal
injection of LiCl, used as an unconditioned stimulus in this
task, was shown by itself to produce a swift increment of
glutamate release in this same structure. Strikingly, however,
a delayed, concomitant release of dopamine and glutamate

was observed in the insular cortex that was abolished by
reversible inactivation of the amygdala, another structure
involved in long-term conditioned taste aversion memory
formation [78, 79] (interestingly, similar results with the neu-
rotransmitters norepinephrine and glutamate were observed
in the amygdala [80]). Arguably, the concomitant dopamine
and glutamate release we reported in the insular cortex could
precede and be required for more enduring forms of synaptic
plasticity in these regions thatwere reported by our group and
others [37, 81, 82].

4.1. Epigenetic Modulation of Arc Expression. Currently, the
most widely accepted model accounting for LTM formation
stipulates that learning inducesmorphological and functional
modifications at activated synapses and subsequent learning-
dependent protein synthesis allowing stabilization of these
modifications, so that the newly strengthened synaptic net-
works become stored for days to months, a phenomenon
that was termed synaptic consolidation [83]. Recently, an
emerging subfield of neuroepigenetics, the study of the role
of epigeneticsmechanisms in adult neurons [84], has recently
unveiled possible mechanisms by which synapse-specific
changes induced by learning could remain permanently. In
this regard, the molecular mechanisms of memory main-
tenance focused on the cell’s nucleus have been proposed;
that is, covalent modifications of the DNA are the ultimate
biochemical event that could store information permanently
[85]. Notably, this phenomenon could work in parallel with
wider distribution of the memory trace through cortical
networks in order to further stabilize memories. The concept
of epigenetics refers to “changes in gene transcription through
modulation of chromatin, which are not brought by changes
in DNA sequence” [86].There are two possible ways in which
these modulations of chromatin could play a role in memory
storage. On one hand, stable chromatin modifications can
interdigitate with synaptic tags in order to participate in
and maintain synapse-specific changes [87]. Another possi-
bility could be that neuroepigenetic mechanisms since they
operate at a cell-wide level could induce metaplasticity in
selected populations of neurons so that the tuning up or
down of specific synapses would be permanently facilitated
[87]. Importantly, epigenetic modifications at promoter sites
of various plasticity related proteins, including Arc, have
recently been described [88, 89].

As mentioned earlier Arc-dependent AMPA receptors
endocytosis operates both at a synapses specific level, through
synaptic inactivity-dependent interaction with CAMKII𝛽
[51, 52], and in a cell-wide fashion, through downregulation
of GluR1 transcription [33]. Interestingly, methylation of the
Arc promoter that correlated in time with a decrease in Arc
protein below basal levels has been reported at 24 h after
the induction of electroconvulsive seizures [90]. Also, aber-
rant changes in Arc promoter methylation in hippocampal
neurons have been suggested to play a role in age-related
cognitive decline [91]. Methylation, a putative gene silencing
signal, is arguably the most stable epigenetic modification
and could serve to maintain changes in gene expression
dynamics induced by memory consolidation [92]. Indeed
methylation of memory suppressing gene calcineurin was
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induced in the frontal cortex after contextual fear condition-
ing and persisted for at least 30 days. Further, interfering
with the enzymes responsible for maintaining methylation
on cytosine residues, on the 30th day after conditioning,
significantly impaired retention of the task [92]. On the
other hand, knocking-down of Tet1, an enzyme that promotes
DNA demethylation, is associated with decreased expression
of synaptic plasticity related, putative memory enhancer
genes Nasp4, c-fos, Egr2, and Arc as well as abnormally
enhanced LTD and impaired memory extinction [93]. This
suggests that the methylation rate of these genes affects the
effectiveness of subsequent plasticity inducing events, thus
modulating their ability to update consolidated memories
upon reactivation. Taken together, these findings provide
crucial insights on the role of chromatin modifications in
long-term memory persistence and will undoubtedly set the
basis for important new discoveries in this field, in the years
to come. Meanwhile, they might also provide a “rationale”
behind the robust Arc and other plasticity related proteins’
expression that is observed after retrieval of even “well-
consolidated”memories, as well as during offline rest periods.

5. Familiar/Consolidated Tasks Induce
Robust Arc Expression: Abundant Evidence
but Still Elusive Function

Some characteristics of Arc expression during ongoing
behavioral experience, especially at the posttranscriptional
level, are somewhat counterintuitive, given its role inmemory
consolidation. In fact undermany setups it has been observed
that Arc mRNA and protein are still expressed at high levels
after the animal experiences an already familiarized context
or stimulus. Further, under some circumstances, exposure to
a familiar behavioral stimulation induces even greater Arc
expression. In a recent study exploringArcmRNAexpression
dynamics in hippocampal subfields after running around a
track in a novel context, optimal Arc expressionwas observed
in CA3 after a rat ran around a track a single time; no further
increment was observed when the animal ran several times
around the same track or when it ran several times for four
consecutive days. In CA1, on the other hand, the greater
proportion of Arc expressing cells was observed in the condi-
tion where the animal ran several times around the track for
the fourth consecutive day in the same context [27]. First of
all, these data provided compelling support at the molecular
level for a role of CA3 in the fast encoding and subsequent
storage of a novel context. Further, it provided evidence that
behaviorally induced plasticity mechanisms are still required
in the hippocampus even when the environment is familiar
[27] and is consistent with earlier studies that found robust
spatial exploration-induced Arc mRNA expression in DG
granular cells even after the environment was experienced for
the ninth time [94]. Also in agreement with these findings,
it was reported by the same group that Arc transcription in
rats trained in the Morris Water Maze task is similar after
overtraining compared to after initial acquisition [95]. All
these findings suggest that active spatial exploration induce
Arc-dependent plasticity mechanisms in the hippocampus
every time it is reinstated, regardless of familiarity [95].

Strong evidence links LTD, that is, a decrease in the
efficiency of synaptic communication, with the formation
of object recognition memory, and recent evidence points
to a role for Arc for this type of recognition memory. For
example, exploration of a novel object has been associ-
ated with induction of LTD in CA1 network, since novel
object exploration during low-frequency stimulation of the
Schaffer-collateral pathway facilitated LTD in rats [31, 96].
Recently, it was shown that exposure to a novel environ-
ment induced strong dendritic expression of Arc mRNA
in hippocampal CA1 pyramidal neurons, but translation
remained tightly repressed. However, further exposure to
the same environment lifted the break on Arc translation in
the dendrite and allowed AMPA receptor-dependent LTD to
proceed [97]. Therefore, an attractive possibility suggested in
the same study could be that recognition memory operates
in such a way that novelty primes activated neurons for
LTDbutArc translation remains temporally suppressed, until
subsequent experienceswith the familiarized stimulus trigger
Arc translation locally at the dendrite and, therefore, promote
long-lasting depression, allowing a sparser memory trace to
be established.

Parallel lines of evidence suggest that a similar mecha-
nism could be involved under different sensorial modalities.
Seeking to elucidate Arc expression dynamics in neocortical
networks, a recent work analyzed how a previous exposure
to a sound affects Arc mRNA expression in the auditory
cortex after presentation of the same sound on the follow-
ing day. The same proportion of neurons expressed Arc
mRNA after rats were presented with the sound, whether
it was novel or familiar. However, they detected a greater
proportion of cells with Arc transcript in the cytoplasm
specifically after exposure to the familiar sound [32]. These
results provide compelling evidence that a single exposure
to a noncontingent stimulus could modulate Arc expression
dynamics in cortical networks and provide further evidence
that Arc-dependent plasticity mechanisms are still occur-
ring during behavioral familiarity. In our lab, we sought
to evaluate Arc protein expression dynamics during taste
recognition memory formation. We unexpectedly found that
familiar saccharin consumption induced higher Arc protein
accumulation in the insular cortex than novel saccharin,
even when the amount of fluid consumed remained constant
between the two conditions. Strikingly, local infusion of
anisomycin in the dorsal hippocampus, a treatment known
to affect taste familiarization [79], prevented the increase of
Arc protein in the insular cortex observed on the second
day. Further, immunofluorescence analysis revealed that the
greater presence of Arc in the familiar condition was due to
a dramatic increase in dendritic accumulation of the protein
and that the same proportion of cells expressed Arc after both
novel and familiar taste [98].

The fact that high levels of Arc protein expression are
still observed even after the execution of a familiarized task
could well be explained by memory consolidation-induced
epigenetic changes that promote a shift in the transcriptional
response of a given circuit upon subsequent reactivations.
Also, it has been proposed that this sustained Arc expression
after ongoing experience could serve to maintain the trace
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in a labile state in order to enable subsequent updating
of the memory trace [27]. Consistently, extinction of an
in vitro classical conditioning task induces similar synaptic
levels of Arc protein more than initial acquisition does [99].
Moreover, recent findings from our lab have shown that
de novo Arc protein synthesis in the insular cortex upon
aversive taste memory retrieval is essential for aversive-to-
positive hedonic shift of the taste valence (Guzmán-Ramos,
Venkataraman, Morin, and Bermúdez-Rattoni, manuscript
in preparation). However, the key question is whether Arc
synthesis is required in asymptotically learned tasks, when
no additional information or further updating is involved.
Experiments from our lab found that optimal dendritic Arc
protein expression occurred when the taste was presented
for the fifth time, that is, when behavioral assessment of
taste familiarization (Attenuation of Neophobia [34]) sug-
gests that it is indeed asymptotically familiarized. Further,
as mentioned earlier, other groups have found that Arc
protein expression occurs in a similar proportion of cells after
exploration of a novel and a familiarized environment [95].
These results indicate that de novo Arc protein is required
every time a familiarizationmemory is reactivated, nomatter
how consolidated it is; however, no clear loss of function
study has addressed this issue. Furthermore, most of Arc
knockdown experiments have used asODNs, which only
inhibit a fraction of Arc translation and are relatively unstable
and subject to degradationmitigating their effects.The recent
development of more stable asODNs, as well as in vivo virus-
mediated knockdown experiments, could help address this
question with more precision.

Finally, in addition to plasticity mechanisms induced by
memory reactivation, ongoing synaptic modifications must
occur offline in order to keep the memory trace stable. In
keeping with this, it was discovered that offline wave of
Arc protein expression in hippocampal networks occurred
at 8 h and 24 h after spatial exploration [56]. In the DG, on
the other hand, a single 5 min spatial exploration task was
shown to produce sustained transcription of Arc mRNA in
granular cells for as long as 8 hours [54]. Furthermore, it was
shown that “basal” Arc mRNA expression in CA1 neurons
during rest periods is not random but rather recapitulates
previous experiences [100]. Importantly, it was shown that the
fraction of neurons expressing Arc after spatial exploration
and expressing it again during a subsequent rest period is
highest in CA3 and lowest in the cortex [101], which is in
accordance with the systems consolidation theory.

Here again, as a possible explanation for these so-called
offline genomic reactivations, an epigenetic event, such as
DNAmethylation, could occur during initial acquisition and
serve as an indelible footprint that allows for a subsequent
round of synapse-specific consolidation to be accomplished
every time the same network is solicited. Such an epigenetic
tag could also alter the rate or susceptibility of transcription of
certain genes in an ongoing fashion, in the absence of stimuli.
In the future, more extensive characterization of learning-
induced epigenetic modifications of Arc and other memory-
related genes at specific loci will in our view greatly refine our
understanding of how memories are dynamically stored and
maintained over the range of years.

6. Conclusions and Further Issues

This review examined new findings on the role of Arc in
long-term synaptic plasticity and memory formation. As we
have seen, Arc’s unique role in altering network function,
possibly as a synaptic contrast enhancer, is reflected by
the wide range of brain structures and memory paradigms
in which its synthesis is required for LTM formation to
proceed. Also particularly intriguing are the several models
in which its translation is optimally promoted by stimulus
familiarity rather than novelty or retrieval of a consolidated
memory rather than establishment of a novel one. Further
information on Arc’s regulation mechanisms, particularly at
the epigenetic level and on its molecular partners at the
synapse should provide helpful insights for the emerging field
of the neurobiological basis of memory persistence.
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Spatial memory in rodents can be erased following the infusion of zeta inhibitory peptide (ZIP) into the dorsal hippocampus via
indwelling guide cannulas. It is believed that ZIP impairs spatial memory by reversing established late-phase long-term potentiation
(LTP). However, it is unclear whether other forms of hippocampus-dependent memory, such as recognition memory, are also
supported by hippocampal LTP. In the current study, we tested recognitionmemory in rats following hippocampal ZIP infusion. In
order to combat the limited targeting of infusions via cannula, we implemented a stereotaxic approach for infusing ZIP throughout
the dorsal, intermediate, and ventral hippocampus. Rats infused with ZIP 3–7 days after training on the novel object recognition
task exhibited impaired object recognition memory compared to control rats (those infused with aCSF). In contrast, rats infused
with ZIP 1 month after training performed similar to control rats. The ability to form new memories after ZIP infusions remained
intact. We suggest that enhanced recognition memory for recent events is supported by hippocampal LTP, which can be reversed
by hippocampal ZIP infusion.

1. Introduction

Several reports have now demonstrated that spatial memory
can be erased by infusing zeta inhibitory peptide (ZIP), a cell-
permeable synthetic peptide, into the dorsal hippocampus
[1–3]. In these studies, ZIP was infused into the dorsal hip-
pocampus after rodents were trained on a spatial task. When
the animals were tested following ZIP infusion, there was no
evidence of memory retention—the memories appeared to
have been erased. ZIP is thought to erase spatial memory
by reversing established late-phase long-term potentiation
(LTP). LTP is a function of enhanced AMPA receptor-
mediated transmission at potentiated synapses, and ZIP is
thought to interrupt the intercellular signaling pathways that
traffic and maintain AMPA receptors at the postsynaptic
density [4]. Such findings are important because they add
to a substantial literature showing that the hippocampus is
critical for spatial memory. In addition, these findings extend
prior work by indicating that LTP (and perhaps PKMzeta; see
[5]) is the physiological mechanism that supports long-term

spatial memory. At present it is unclear whether hippocampal
LTP also supports other forms of hippocampus-dependent
memory, such as recognition memory.

Recognition memory is the ability to judge a previously
encountered item as familiar and is dependent on struc-
tures in the medial temporal lobe (MTL) [6], including the
hippocampus [7]. Recognition memory is a pervasive and
critical form of memory which is most commonly tested in
the experimental animal with the novel object recognition
(NOR) task. For anterograde memory, the NOR task has
proven to be sensitive to hippocampal damage or disruption
in humans [8, 9], monkeys [10–12], rats (e.g., [13]), and mice
(e.g., [14]). The NOR task is also sensitive to hippocampal
damage when the damage occurs after the learning episode
[15, 16]. At present, only a single study has examined recog-
nition memory following hippocampal infusion of ZIP. In
this case, ZIP infusion did not impair object recognition
memory, although the infusion did impair the spatial version
of this task [3], suggesting that object recognition memory
is supported by a different physiological mechanism than
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spatial memory. However, another possibility is that object
recognition memory was unaffected because an insufficient
area of the hippocampus was disrupted by the infusion. In the
Hardt et al. [3] study, as well as in all other studies that have
infused ZIP into the hippocampus, only the dorsal aspect of
the hippocampus was targeted. This is because the standard
method is to implant bilateral indwelling guide cannulas into
the hippocampus so that ZIP can be infused after the training
episode. This method only allows the dorsal aspects of the
hippocampus to be reached while sparing the entire ventral
portion of the hippocampus. Importantly, prior work has
shown that while dorsal hippocampal damage is sufficient to
impair spatial memory [17–19], both the dorsal and ventral
regions of the hippocampus must be damaged in order to
produce object recognition memory impairments [19].

In our study, we circumvented the restriction of the
cannulation method by exploiting a unique feature of com-
pounds that are able to reverse late-phase LTP. Unlike
pharmacological compounds which must be infused either
immediately before, during, or immediately after the learning
episode (e.g., [20]), compounds like ZIP are able to impair
memory even days after the learning episode [3, 21]. The fact
that ZIP can be infused even days after the learning episode
obviates the need for indwelling guide cannulas. Instead,
animals can be trained and then ZIP can be infused the
next day, or later, using an infusion needle during stereotaxic
surgery. This stereotaxic approach allows ZIP to be infused
at any number of precisely targeted locations. In this study,
following training on the NOR task, rats underwent stereo-
taxic surgery and ZIP was infused into all regions of the
dorsal, intermediate, and ventral hippocampus. Because prior
work has demonstrated that recognitionmemory starts out as
being hippocampus-dependent but becomes hippocampus-
independent during the weeks after learning [16], we exam-
ined how reversing LTP with ZIP infusions affected both
recent memory (3–7 days old) and remote memory (1 month
old).

2. Methods

2.1. Subjects. All experimental procedures were approved by
the Institutional Animal Care and Use Committee at the
University of California, San Diego. Subjects were 86 male,
Long-Evans rats weighing between 300 and 350 g at the
beginning of the study. Rats were individually housed and
maintained on a 12 : 12 h light : dark cycle. Food and water
were freely available. Rats were randomly assigned to receive
bilateral infusions of ZIP or aCSF 3–7 days after training (ZIP
recent, 𝑛 = 10; aCSF recent, 𝑛 = 10) or 32–36 days after
training (ZIP remote, 𝑛 = 24; aCSF remote, 𝑛 = 24). One
aCSF remote rat was excluded from the test analysis due to
an error with data collection. An additional group of control
rats that did not undergo surgery were included for recent
memory testing (control recent, 𝑛 = 16). Two additional rats
were used for immunohistological assessment of the extent of
the ZIP infusion.

2.2. Apparatus. The novel object recognition task was con-
ducted in an opaque plastic box measuring 35 cm × 41.5 cm

× 50 cm. Stimuli consisted of ceramic or plastic objects that
varied in color and size (see [16] for details).

2.3. Habituation and Familiarization. Rats were acclimated
to the testing room and habituated to the empty box for
five min each day for two days. Rats then had 4 days of
familiarization during which they were placed in the box for
15min per day and allowed to explore two identical objects.
Each rat had the same objects during every familiarization
day, and the specific object was counterbalanced across rats.
Following familiarization, rats were divided into ZIP and
aCSF infusion groups. Rats underwent surgery 3–7 days or
32–36 days after training.

2.4. Surgery. Anesthesia was maintained throughout surgery
with isoflurane gas (0.8%–2.0% isoflurane delivered in O

2
at

1 L/min).The rat was placed in a Kopf stereotaxic instrument,
and the incisor bar was adjusted until the dorsal surface of the
skull was level. ZIP or aCSF was infused bilaterally through-
out the hippocampus with a 10 𝜇LHamilton syringemounted
on a stereotaxic frame and held with a Kopf Microinjector
(model 5000). Biotinylated ZIP (Tocris Bioscience; Ellisville,
Missouri) (1mg) was reconstituted in 100 𝜇L of sterile water
with a resulting stock solution concentration of 10 𝜇M ZIP.
10 𝜇L of the 10 𝜇M ZIP was then diluted in 9.99mL of
aCSF to provide a solution with a concentration of 10 nM
ZIP/1 𝜇L aCSF. The syringe needle was lowered to the target
coordinate and left in place for 1min before beginning the
injection. A total of 4.8 𝜇L of ZIP or aCSF was injected
into 8 sites within each hippocampus. All coordinates are
in millimeters anteroposterior (AP) and dorsoventral (DV)
relative to Bregma andmediolateral (ML) relative to Lambda:
AP −2.8, ML ±2.2, DV −3.8; AP −3.8, ML ±3.4, DV −3.6;
AP −4.8, ML ±3.4, DV −3.8; AP −4.8, ML ±5, DV −8.4, −5;
AP −5.6, ML ±4.8, DV −8, −6, and −4. Once awake and
responsive, each rat was returned to its home cage for a 5–
8-day recovery period.

2.5. Test. After recovering from surgery, rats were returned to
the testing box and allowed to explore two objects (one novel
object and a copy of the object from the familiarization phase)
for 15minutes.Using video recordings, object explorationwas
scored when a rat’s nose was within 1 cm of the object and
the vibrissae were moving (see [13]). Object exploration was
not scored when the rat reared upwards facing the ceiling
or leaned on the object. Object recognition memory was
inferred by a preference for the novel object compared to
the familiar and thus less interesting object. The time spent
exploring the novel object was divided by the time spent
exploring the novel object + the time spent exploring the
familiar object.This value was thenmultiplied by 100 (chance
performance = 50%; see [16] for more details).

2.6. New Learning. After completing the retention test, rats in
the remote memory group were given a new NOR trial. Rats
were placed in the box for a 15min familiarization phase and
allowed to explore two new and identical objects. Following
a 3 h delay period, during which rats remained in the testing
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Figure 1: Photographs at three coronal levels for a rat with hippocampal infusion of ZIP (anterior to posterior from left to right; lateral to
the left of each section and medial to the right). Top: fluorescence images depicting the extent of the ZIP infusion throughout all cell layers of
dorsal, intermediate, and ventral hippocampus, while remaining confined to the hippocampus. Some sparing was noted in the most medial
aspects of the dorsal hippocampus.The only biotin-labeled ZIP outside of the hippocampus was the result of diffusion along the needle track.
Bottom: corresponding tissue stained with thionin to visualize the hippocampal cell layers.

room in their home cages, rats were returned to the box with
two objects (one novel object and a copy of the object from
familiarization). Object exploration was scored and analyzed
as described above.

2.7. Histology. At completion of testing, the rats were admin-
istered an overdose of sodium pentobarbital and perfused
transcardially with buffered 0.9% NaCl solution followed
by 10% formaldehyde solution (in 0.1M phosphate buffer).
The brains were then removed and cryoprotected in 20%
glycerol/10% formaldehyde. Coronal sections (50𝜇m) were
cut with a freezing microtome ranging from the anterior
commissure through the length of the hippocampus. Every
third section was mounted and stained with thionin to assess
the position of the needle track and any unintended damage.
Each section was assessed under magnification.

Two additional rats were perfused with 1x phosphate-
buffered saline (PBS) and 4% paraformaldehyde solution
two hours after ZIP infusion to visualize the extent of
the ZIP infusion. Brains were removed and stored in 4%
paraformaldehyde overnight at 4∘C and transferred to 1x PBS
solution. Coronal sections (40𝜇m) were cut as described
above; however, every fifth sectionwas stained to visualize the
spread of the infused biotinylated ZIP. A mouse anti-biotin
primary antibody (Jackson Immuno, 200-002-211, 1 : 400)
and a fluorescent donkey anti-mouseCy3 secondary antibody
(Jackson Immuno, 715-165-150, 1 : 100) were used, along with
DAPI (1 : 1000) as a counterstain for cell bodies. An additional

series of sections was mounted and stained with thionin to
visualize the hippocampal cell layers.

3. Results

3.1. Histology. Figure 1 depicts the extent of the ZIP infusion
throughout the hippocampus. ZIP infusion covered all cell
layers of dorsal, intermediate, and ventral hippocampus and
was confined to the hippocampus. Some sparing was noted in
the most medial aspects of the dorsal hippocampus.The only
biotin-labeled ZIP outside of the hippocampus was the result
of diffusion along the needle track.

3.2. Behavior. In the recent memory condition, all groups
performed above chance (ZIP: 𝑡

(9)
= 2.78, 𝑃 < 0.05; aCSF:

𝑡
(9)

= 7.31, 𝑃 < 0.0001; control: 𝑡
(15)

= 8.37, 𝑃 < 0.0001),
but rats with ZIP infusions performed worse than rats with
aCSF infusions (𝑡

(18)
= 2.27, 𝑃 < 0.05) and control rats (𝑡

(24)

= 2.72, 𝑃 < 0.05). Rats with aCSF infusions and control
rats, however, performed similarly (𝑡

(24)
= 0.39, 𝑃 > 0.1).

In the remote memory condition, both ZIP and aCSF groups
performed similarly (𝑡

(45)
= 0.39, 𝑃 > 0.1) and above chance

(ZIP: 𝑡
(23)

= 3.42, 𝑃 < 0.01; aCSF: 𝑡
(22)

= 4.89, 𝑃 < 0.0001)
(Figure 2).

Figure 3 shows the cumulative percent preference for
the novel objects across 30 sec of object exploration for
each group in each condition. The pattern of performance
indicates that the aCSF recent group and the control group
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Figure 2: Preference for the novel object after infusion for recent
and remote memory conditions. In the recent memory condition,
all groups performed above chance, but rats with ZIP infusions (red)
performed worse than rats with aCSF infusions (blue) and control
(white) rats. In the remote memory condition, both ZIP (light red)
and aCSF (light blue) groups performed similarly and above chance.
Error bars indicate SEM. Asterisk indicates difference from aCSF
and control groups (𝑃 < 0.05). All groups performed above chance
(𝑃 < 0.05, chance = 50%).

showed a stronger preference for the novel object across the
entire 30 sec test than the ZIP recent, ZIP remote, or aCSF
remote group. Rats that received aCSF infusions 3–7 days
after training and testing 1 week after surgery performed
better than rats that received aCSF infusions 1 month after
training and testing 1 week after surgery (Figure 3(c); at 30 sec
of object exploration: 𝑡

(31)
= 2.57, 𝑃 < 0.05). However, rats

that received ZIP infusions 3–7 days after training and testing
1 week after surgery performed similar to rats that received
ZIP infusions 1 month after training and testing 1 week after
surgery (Figure 3(d); at 30 sec of object exploration: 𝑡

(32)
=

0.16, 𝑃 > 0.1).

3.3. Retraining. On the test of new learning, ZIP remote rats
performed similar to aCSF remote rats (𝑡

(30)
= 0.17, 𝑃 > 0.1),

and both groups performed above chance (ZIP: 𝑡
(15)

= 4.52,
𝑃 < 0.001; aCSF: 𝑡

(15)
= 5.24, 𝑃 < 0.0001) (Figure 4). These

data indicate that, after infusion of ZIP, rats are not impaired
at learning new objects.

4. Discussion

Rats were given a single 15min familiarization phase on
each of 4 consecutive days before receiving either bilateral

infusions of ZIP or aCSF (or serving as unoperated controls)
into the dorsal, intermediate, and ventral regions of the
hippocampus during stereotaxic surgery. The surgeries were
conducted 3–7 days (recent group) or 1 month (remote
group) after the final familiarization day. On a retention test
approximately 1 week after surgery, the recent ZIP group
exhibited impaired object recognition memory compared to
the aCSF and unoperated control groups. In contrast, the
remote ZIP group performed similar to the remote aCSF
group (Figures 2, 3(a), and 3(b)). All groups in both recent
and remote conditions performed better than chance. These
data indicate that only recent memory is susceptible to ZIP
infusion. Finally, when the remote ZIP and remote aCSF
groups were given a new NOR trial and tested with a 3-hour
delay, both groups performed similarly and above chance.
These data indicate that ZIP infusion did not disrupt the
animal’s ability to form new recognition memories.

These data add to a growing literature that indi-
cates hippocampus-dependent memory can be disrupted by
reversing late-phase hippocampal LTP by the infusion of
zeta inhibitory peptide, ZIP. ZIP is thought to reverse late-
phase LTP and impair memory by inactivating PKMzeta
(for review see [4, 5, 22]). While there is some dispute
concerning the relationship of ZIP and PKMzeta (for review
see [23]), PKMzeta is thought tomaintain LTP by persistently
upregulating AMPA receptor trafficking for insertion into
postsynaptic sites [24]. PKMzeta, an atypical isoform of pro-
tein kinase C, is unique in that it does not contain a regulatory
region. Thus, once synthesized, PKMzeta remains constitu-
tively active without requiring second messenger binding.
It is believed that this particular feature of PKMzeta allows
it to actively maintain the facilitated synaptic connections
that represent long-term memory [4, 25]. We suggest that
PKMzeta may be the molecular mechanism for maintaining
the enhanced portion of recent object recognition memory.

This is the first study to show that object recognition
memory can be disrupted by ZIP infusion into the hippocam-
pus. Prior work reported that ZIP infusion into the dorsal
aspect of the hippocampus was sufficient to impair a spatial
version of the NOR task where one of two identical objects is
physically relocated to a different part of the testing box [3].
However, in the same study, object recognition memory, as
measured by the NOR task, was entirely unaffected. A critical
difference between that study and the present study is that we
infused ZIP into the dorsal, intermediate, and ventral aspects
of the hippocampus, whereas Hardt et al. [3] targeted only
the dorsal hippocampus. The findings from these two ZIP
studies ([3] and the current study) are consistent with studies
that have used permanent hippocampal lesions to study
spatial and object recognition memory. For example, rats
with hippocampal lesions exhibited impaired spatial memory
for the location of a hidden platform in the water maze
when approximately 30–50% of the dorsal hippocampus was
damaged [17–19]. Increasing the amount of damage beyond
50% did not exacerbate the deficit. Importantly, for object
recognition memory, only nearly complete lesions of the
dorsal and ventral hippocampus (75–100%) were sufficient
to impair performance [19]. Furthermore, that study found
that dorsal or ventral lesions alone impaired spatial memory,
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Figure 3: Cumulative percent preference for the novel objects across 30 sec of object exploration for the three groups in the recent condition
(a), the two groups in the remote condition (b), the recent and remote aCSF groups (c), and the recent and remote ZIP groups (d). The
pattern of performance indicates that the aCSF recent group and the unoperated control group showed a stronger preference for the novel
object across the entire 30 sec test than the ZIP recent, ZIP remote, or aCSF remote group.

but not object recognition memory, which required 75–
100% of the entire hippocampus to be damaged. As there
are no obvious anatomical or physiological characteristics of
the ventral hippocampus that would explain why the object
recognition deficit results from extending the dorsal lesion
to include the ventral hippocampus, we suggest that the

impairment results from a more complete disruption of hip-
pocampal function. The current study has added advantages
of using ZIP infusions over neurotoxic lesions, namely, that
the hippocampus is still intact during the test for retrograde
memory, thereby avoiding the confounding of a potential
performance deficit due to nonmnemonic functions of the
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Figure 4: On the test of new learning, ZIP remote rats (light red)
performed similar to aCSF remote rats (light blue) and both groups
performed above chance level (chance = 50%). These data indicate
intact learning after ZIP infusion.

hippocampus. ZIP infusion during stereotaxic surgery also
makes it possible to target the entire hippocampus, which
is not possible with pharmacological infusions requiring an
implanted guide cannula.

An important difference between the present finding of
impaired object recognition memory following hippocampal
ZIP infusion and prior work where ZIP was infused after
spatial learning is that, in tests of spatial memory, ZIP
appeared to erase memory. That is, spatial memory was
completely eliminated with no evidence of recovery [1–
3]. In this study, object recognition was only impaired in
the recent condition relative to the aCSF and unoperated
control groups and, importantly, the ZIP groups performed
better than chance on both the recent and remote conditions
(Figure 3(d)). Following complete hippocampal lesions, we
have previously reported a temporally graded NOR impair-
ment [16]. In contrast, Gaskin et al. [15] found both recent
and remote retrograde impairment; however, their findings
are complicated by the fact that the remote control group
did not perform better than chance (i.e., 𝑃 < 0.05),
which would have made observing a temporal gradient
in the control group unlikely. In the current study, ZIP
infused rats performed above chance at both recent and
remote time points, but they were impaired relative to the
control groups only in the recent condition. Therefore, these
results support differential involvement of the hippocam-
pus in recent and remote object recognition memory, but
the differences between permanent neurotoxic lesions and
ZIP infusions must be appreciated when comparing such
findings. Figure 3 is presented to provide a more thorough
visualization of the behavioral phenotypes for the recent and
remote ZIP and aCSF group. Figure 3(a) shows the strong

and robust memory performance of the two control groups
for the recent condition. The ZIP group, while performing
better than chance, exhibited weaker memory performance
than the two control groups. Figure 3(b) shows the nearly
identical performance of the ZIP and aCSF groups on the
remote memory condition. Figure 3(c) clearly illustrates how
much stronger the memory was in the recent aCSF group
compared to the remote aCSF group. Finally, Figure 3(d)
shows how similar the performance was between the recent
and remote ZIP groups. Taken together, these data indicate
that object recognition memory per se was not dependent
on hippocampal LTP. Rather, only the enhanced portion of
the memory exhibited by the control groups in the recent
condition was hippocampal LTP-dependent. ZIP infusion in
the recent condition has the effect of turning a strong object
recognition memory into a weak recognition memory. This
appears to be very similar to what happens naturally as strong
recent memory becomes weak remote memory (Figure 3(c)).
Accordingly, infusing ZIP in the remote condition had no
appreciable effect on memory, presumably because the LTP-
dependent, enhanced portion of memory seen in the recent
condition had faded away.

Recognition memory is typically described as consisting
of two components, most often referred to as familiarity and
recollection [26]. Familiarity consists of only knowing that
an item has been previously encountered. In contrast, rec-
ollection includes recalling specific contextual information
that accompanied the specific learning episode. Theoretical
accounts of this distinction have suggested that different
brain structures independently support these two compo-
nents, with the perirhinal cortex supporting familiarity-
based recognition memory and the hippocampus support-
ing recollection-based recognition memory [27–29]. How-
ever, because the NOR task can be accomplished solely by
familiarity-basedmemory, examples of hippocampal damage
impairing performance on the NOR task count against this
idea.While examples in rats can be foundwhere hippocampal
lesions do not impair performance on the NOR task (for
review see [30]), there aremany examples of impaired perfor-
mance on the NOR task in humans [8, 9], monkeys [10–12],
rats (e.g., [13]), mice (e.g., [14]), and the current study (also,
see [7] for review).The anatomical basis of recognitionmem-
ory has recently been reconceptualized, drawing on human
fMRI studies, studies of amnesic patients,monkey physiology
work, and rodent lesion studies [6]. Here, the authors suggest
that the perirhinal cortex and the hippocampus can be better
understood as working together to accomplish both familiar-
ity and recollection-based recognition memory. Importantly,
the authors propose that hippocampal activity is particularly
important for forming strong recognitionmemories (for both
familiarity and recollection-based memory). Taken together
with the current findings, we suggest that the perirhinal
cortex can, to a limited extent, support recognition memory
in the absence of the hippocampus, but robust, strong recog-
nition memory requires the hippocampus and hippocampal
LTP.



Neural Plasticity 7

Conflict of Interests

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

Acknowledgments

The authors thank Susan Davis, Laura Johnson, Ashley
Knutson, Jillybeth Burgado, Anna Chen, Maya Sapiurka,
and Sarah Saturday for technical assistance. This work was
supported by a Medical Research Service of the Department
of Veterans Affairs grant and a NSF Temporal Dynamics of
Learning Center grant.

References

[1] E. Pastalkova, P. Serrano, D. Pinkhasova, E. Wallace, A. A.
Fenton, and T. C. Sacktor, “Storage of spatial information by the
maintenance mechanism of LTP,” Science, vol. 313, no. 5790, pp.
1141–1444, 2006.

[2] P. Serrano, E. L. Friedman, J. Kenney et al., “PKM𝜁 maintains
spatial, instrumental, and classically conditioned long-term
memories,” PLoS Biology, vol. 6, no. 12, article e318, pp. 2698–
2706, 2008.

[3] O. Hardt, P. V. Migues, M. Hastings, J. Wong, and K. Nader,
“PKM𝜁 maintains 1-day- and 6-day-old long-term object loca-
tion but not object identity memory in dorsal hippocampus,”
Hippocampus, vol. 20, no. 6, pp. 691–695, 2010.

[4] T. C. Sacktor, “How does PKMzeta maintain long-term mem-
ory?” Nature Reviews Neuroscience, vol. 12, no. 1, pp. 9–15, 2011.

[5] T. C. Sacktor and A. A. Fenton, “Appropriate application of
ZIP for PKM𝜁 inhibition, LTP reversal, and memory erasure,”
Hippocampus, vol. 22, no. 3, pp. 645–647, 2012.

[6] L. R. Squire, J. T.Wixted, and R. E. Clark, “Recognitionmemory
and the medial temporal lobe: a new perspective,” Nature
Reviews Neuroscience, vol. 8, no. 11, pp. 872–883, 2007.

[7] R. E. Clark and S. J. Martin, “Interrogating rodents regarding
their object and spatial memory,” Current Opinion in Neurobi-
ology, vol. 15, no. 5, pp. 593–598, 2005.

[8] R. D. McKee and L. R. Squire, “On the development of declar-
ative memory,” Journal of Experimental Psychology: Learning,
Memory, and Cognition, vol. 19, no. 2, pp. 397–404, 1993.

[9] O. Pascalis, N. M. Hunkin, J. S. Holdstock, C. L. Isaac, and A. R.
Mayes, “Visual paired comparison performance is impaired in a
patient with selective hippocampal lesions and relatively intact
item recognition,” Neuropsychologia, vol. 42, no. 10, pp. 1293–
1300, 2004.

[10] O. Pascalis and J. Bachevalier, “Neonatal aspiration lesions of
the hippocampal formation impair visual recognition memory
when assessed by paired-comparison task but not by delayed
nonmatching-to-sample task,” Hippocampus, vol. 9, no. 6, pp.
609–616, 1999.

[11] S. M. Zola, L. R. Squire, E. Teng, L. Stefanacci, E. A. Buffalo,
and R. E. Clark, “Impaired recognition memory in monkeys
after damage limited to the hippocampal region,” The Journal
of Neuroscience, vol. 20, no. 1, pp. 451–463, 2000.

[12] S. Nemanic, M. C. Alvarado, and J. Bachevalier, “The hip-
pocampal/parahippocampal regions and recognition memory:
insights from visual paired comparison versus object-delayed
nonmatching in monkeys,” Journal of Neuroscience, vol. 24, no.
8, pp. 2013–2026, 2004.

[13] R. E. Clark, S. M. Zola, and L. R. Squire, “Impaired recognition
memory in rats after damage to the hippocampus,” Journal of
Neuroscience, vol. 20, no. 23, pp. 8853–8860, 2000.

[14] S. J. Cohen, A. H. Munchow, L. M. Rios, G. Zhang, H. N.
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