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MODULATORY ROLE OF STRESS IN THE MEMORY PROCESSES

SUMMARY

Amygdala (AMG) comprises a heterogenous group of nuclei located in the medial temporal lobe (MTL) that is essential
to acquisition and storage of memory of the conditioning experience and the expression of fear response such as freezing
behavior, categorical representation of objects and interpreting facial expressions, emotion regulation; therefore, AMG can
be considered as a behavioral modulator. The current memory paradigm states that the synaptic plasticity underlies the
molecular basis of memory, so for example, enhanced or weakened synaptic transmission may promote spinogenesis and
synaptic strengthening’s and thereby underlying the memory acquisition, consolidation, retrieval and loss, therefore, it may
be stated that stress hormones such as glucocorticoids in time dependent fashion from the one hand promote learning and
enhance performance but on the other hand lead to memory impairment through the modulation of synaptic plasticity in
specific brain areas, which is reflected in U-shape model of memory formation. This review will describe some aspects of current
memory formation mechanisms and how stress hormones and different neuropeptides such as neuropeptide S influence those

mechanisms thereby leading to memory modulation.
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ntroduction: Stress is generally defined as any con-

dition that disturbs physiological or psychological
homeostasis of an organism which in turn recruits the au-
tonomic nervous system, hypothalamic-pituitary — adrenal
axis which in turn elevates the plasma levels of stress as-
sociated hormones glucocorticoids (GRs). Being hydro-
phobic by nature, GRs can enter the brain were they bind
to two subtypes of receptors the mineralocorticoid MRs
and glucocorticoid GRs, characterized by a high and a low
affinity for glucocorticoids respectively. Glucocorticoids
exert their effect though mechanisms such as fast non-
genomic and slow transcriptional regulation of responsive
genes. The GRs receptors are localized in hippocampus,
amygdala (AMG) and prefrontal cortex (PFC) which are
believed to be significant for not only memory formation
but also for behavior modulation [1]. This short review
will describe the effects of stress on the brain regions, par-
ticularly, those mentioned above followed by the descrip-
tion of how these may affect the memory mechanisms;
then recent research papers will be discussed in the context
related to the topic of the review.

Stress and the Brain. Ample of electrophysiological,
human f-MRI and animal behavioral studies [2] showed
GRs in time dependent manner influence the excitability
of AMG [3], hippocampus [4, 5] and PFC [6] and, so for
example, short-term acute GRs elevation promotes the sur-
face delivery of glutamatergic receptor through the recruit-
ment of GRs inducible kinases and modulating protein
trafficking [4] but chronic GRs administrations leads to the
downregulation of glutamatergic receptors [7, 8]. The cur-
rent memory paradigm states that the synaptic plasticity
underlies the molecular basis of memory, so for example,
enhanced or weakened synaptic transmission may promote
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spinogenesis and synaptic strengthening’s and thereby un-
derlying the memory acquisition, consolidation and re-
trieval and loss, therefore, it may be stated that GRs in
time dependent fashion from the one hand promote learn-
ing and enhance performance but on the other hand lead
to memory impairment [9] through the modulation of syn-
aptic plasticity in specific brain areas [10]. This was first
described by inverted U shape relationship between the
amount of stress and performance, described by Yerkes-
Dodson law. See Fig.1.

Therefore, stress may promote survival of the organ-
ism by facilitating performance under certain conditions
but it has detrimental effects when amount of stress hor-
mones are elevated chronically. For example, chronic GRs
elevation leads to the hypertrophy of AMG [13], atrophy
of hippocampus and PFC [14]. These in turn might be as-
sociated with post-traumatic stress disorders, hyper-arous-
al and over-anxiety.

Memory modulation and related brain circuits.

AMG comprises a heterogenous group of nuclei lo-
cated in the medial temporal lobe (MTL) that is essen-
tial to acquisition and storage of memory of the condi-
tioning experience and the expression of fear response
such as freezing behavior, categorical representation of
objects [15,16] and interpreting facial expressions [17],
emotion regulation [18]; therefore, AMG can be consid-
ered as a behavioral modulator. It receives inputs from
the thalamus and the sensory cortex and sends outputs
to thalamus, hippocampus and PFC. Behavioral studies
show that GRs-induced AMG neuronal activity modu-
lates hippocampal dependent memory acquisition and
consolidation in time-dependent manner [19, 20]. So, for
example, pharmacological studies showed that within a
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Figure 1. A. Yerkes-Dodson Law. Stress and Learning. Inverted-U poses a relationship between the degrees of stress and
performance (adapted from [11]). B. The Yerkes-Dodson Law representing three levels of the difficulty of tasks. Easy tasks (red
line) are associated with higher stress levels promoting optimum levels of performance. Difficult tasks (blue line, low levels of
stress promote optimum levels of performance. Recent data provide further evidence of inverted U-shaped relationship of the
intensity of stress during the early learning and memory consolidation in humans [12].

short time window GRs application to AMG enhances
hippocampus and PFC based memory consolidation by
influencing neuroplasticity in these regions; in contrast,
chronic GRs applications leads to the atrophy of PFC
which is involved in attention and associative learning
[19]; therefore, GRs not only lead to attention deficits,
impaired ability to learn but also to the impairment of
working memory retrieval.

Memories are highly dynamic entities that are built in
stages. After initial encoding, the “new” fragile memory
trace is consolidated and stored for future retrieval. Hip-
pocampus functions as a temporary store for recent in-
formation but permanent storage depends on a broadly
distributed anatomically connected cortical networks. Ac-
cording to these models replay across hippocampal-corti-
cal connections allows new memories be consolidated and
be transferred into PFC where it is integrated with pre-ex-
isting cortical memories through the interaction with other
brain regions for future memory retrieval [21]. Stress by
means of glucocorticoids modulates AMG-hippocampus-
PFC or AMG-PFC circuits thereby affecting on not only
memory acquisition but also its consolidation. Interesting-
ly, the effect depends on time, so for example, acute GCs
may enhance hippocampal synaptic strengthening thereby
heightening cognition and memory consolidation at the
time of stress but on the other hand, chronic GRs elevation
leads the hippocampal atrophy. Hippocampus is involved
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in declarative (facts and events) in humans and spatial
memory in rodents thus chronic GRs exposure leads to im-
paired recall of facts and events and navigational problems
in animals. Interestingly, elevated GRs in the absence of
fear and/or an intact amygdala are not sufficient to produce
deficits in hippocampal processing [18] suggesting that
AMG is crucial for stress induced memory modulation.
Moreover, acute stress engages multiple-memory systems,
so it shifts the brain systems in a manner that favor the
consolidation of new information at the expense of other
memory processes such as retrieval of previously learned
events [22]. Stress outcomes are viewed under 2 ap-
proaches such as vertical and horizontal ones. The vertical
view makes very specific predictions about the mechanism
underlying stress effects on memory based on different
brain regions connectivity; while the horizontal view, rely-
ing on electrophysiology of brain slices, predicts outcomes
based on the time and duration of stress exposure rather
than connectivity [23]. Thus, stress enhances memory if it
is experienced within the context of the learning episode
in a short time window but impairs if it is experienced out-
side the learning context on the chronic base [24]. It is
well-established that acute stress may lead to strong pain-
ful memories such as PTSD but chronic stress may lead
to over-anxious, hyper-arousal and debilitating conditions;
therefore, understanding the exact anatomical as well as
molecular signaling cascades will help to not only to treat
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PTSD, over-anxiety but also improve the quality of life of
people highly prone to stress.

Discussion: Recent work identified stress related en-
dogenous neuropeptides, particularly neuropeptide S and
its receptors (NPSRs), which are expressed mainly in
AMG and PFC. NPS has anxiolytic-like effects and thus
being considered as one of the candidates that plays cru-
cial role in stress related response such as anxiety [25],
memory consolidation [26], sleep and emotional process-
ing [27]. The activation of NPS/NPSR signaling cascade
results in mobilization of & and in increase of cel-
lular excitability in hypothalamus [28], in PFC [29] and
inhibition in AMG [25]; Interestingly, NPSR polymor-
phisms may account for different individual suscepti-
bility to anxiety and reactivity to stress [30]. Therefore,
NPS and NPSR may represent a good therapeutic target
for future treatment of PTSD, outright panic attacks and
memory enhancement. The recent paper by Okamura and
colleagues showed that NPS and NPSRs may be critical
for AMG-hippocampus mediated memory consolidation.
Rodents’ behavioral studies based on pharmacological and
genetic manipulations demonstrated that NPS and NPSR
are critically involved in AMG-hippocampal mediated
learning and memory. From the one hand, this behavioral
study shows that manipulations of NPS/NPSR had indeed
in vivo effects but on the other hand pharmacological ma-
nipulations did not exclude off-target effects and not very
physiological; moreover, behavior represents an integrated
response of the organism based on genetic background,
previous experience rather than individual neural circuits
response; in addition, as amygdaloidal structure anatomi-
cally, neurochemically heterogeneous structure composed
of more than 13 nuclei [15] that may have different modu-
latory functions through targeting different brain regions,
so that it is very hard to predict what regions determine the
integrated response. The authors used NSPR KO but the
experiment could be further improved by KO NPSR par-
ticularly in amygdala and hippocampus particularly using
the CRE-FLOX-recombinase technique. In addition, there
is little evidence of the role of NPS/NPSR in humans; so
at the current state regardless being very promising NPS/
NPSR cannot be considered as potential treat any of cog-
nitive disturbances mentioned above. Therefore, though
this paper provides a piece of information that NPS/NPSR
plays a significant role in AMG-hippocampus based mem-
ory consolidation, further studies should be conducted to
provide direct evidence that NPS/NPSR recruit AMG/
hippocampus/cortical structures as well as a direct link
between GRS and NPS/NPSRs. Possible studies may in-
volve optogenetics where specific dissection of amygdala-
hippocampus or amygdala-PFC circuits may shed some
light on stress effects on memory mechanisms.

As it was described above, GRs modulates the engage-
ment of multiple memory systems in the learning however
very little is known about exact functional (temporal con-
nection of related brain areas) and effective (direct effect
of one neuronal system on to another) connectivity [30,
31]. Recently developed neuromodulation technique such
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as optogenetics may help to establish causal relationship
between stress and behavior. In general, optogenetics is a
coupling light and cellular behavior by means of the use
of opsins, which are membrane — bound light-driven ion
channels, in intact tissues or even in freely behaving ani-
mals. One of the main advantages is that specific opsin-ex-
pression in the neurons of particular interest allows getting
high temporal and spatial precision in contrast to electro-
physiological stimulations. Opsins have fast onset kinet-
ics on the order of milliseconds which allows using high
frequencies of millisecond-lasting flashes of light which
in turn provides reliable evoked action potential and thus
reliable fast readouts; however, these are balanced by fast
deactivation, channel non-specificity, difficulties in the
expression in particular neurons as well as possible inter-
ventions with the normal cellular physiology [32, 33]. It
should be noted that little is known about the physiology
of opsins, however, recent work by Kato and colleagues
showed crystal structures of channelrhodopsins (ChRs)
providing a basic working model of the channels gating.
This may have important implications as it may represent
future tool to generate optically controlled genetically en-
coded specific reporters of neuronal activity. So, for ex-
ample, it was shown that CREB is critically involved in
learning [34], so if to use chimeras of light-sensitive part
of ChRs and specific proteins this may provide precise
biochemical and cellular specificity. Crystal structure of
C1C2 (chimeric between CHR1 and CHR2 from Chla-
mydomonas reinhardtii) at 2.3 A resolution was obtained
from fully dark-adapted C1C2 by multiple anomalous dis-
persion (MAD) method. MAD is a technique used in X-ray
crystallography based on the absorption of X-rays of cer-
tain wavelength followed by re-emit after a delay inducing
a phase shift [35]. The phase shift determines solution for
the phases that are further determined through diffraction
data in order to get the structure of the protein of interest.
The resolution of ChRs crystallography is 2.3 A suggest-
ing that some small errors can be present in the suggested
structure, though the structure of folds and surface loops
can be considered as very close to the natural ones; moreo-
ver, at this resolution water molecules and small ligands
can be visualized and thus the provided working model of
ChRs might be reliable. Therefore, this structure might be
further used synthesize chimeric proteins to obtain specific
to amygdala reporters, for example, NPSRs. Nevertheless,
optical modulations of neuronal activity seems to be very
promising however further research on the exact opsin
physiology should be done.

To conclude, this review described some of effects of
stress on the brain regions that are believed to be criti-
cally involved in memory mechanisms. Understanding of
exact molecular mechanisms underlining memory forma-
tion and consolidation are under extensive research. Sev-
eral neuropeptides may be playing important roles in this
process. Nonetheless, behavior represents a complex of
genetic background, experience and other modulatory as-
pects, which in turn determine the very complex process
such as memory.
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