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Abstract: Over a century of behavioral research has shown that stress can exert both positive and
negative effects on memory. We have explored the idea that the complex effects of stress on learning
and memory can be characterized by hormetic- and non-hormetic dose-response functions, in which
stress may either stimulate or impair brain memory mechanisms, depending, in part, on the timing and
duration of the stress experience. Extensive work has shown that acute stress or corticosteroid
administration has a biphasic effect specifically on hippocampus-dependent learning, memory and
synaptic plasticity. We suggest that brief stress exerts a rapid enhancement of memory-related
functions of the hippocampus, produced by the amygdala-induced activation of hippocampal synaptic
plasticity in conjunction with excitatory effects of neuromodulators, including glucocorticoids,
norepinephrine, corticotropin-releasing hormone, acetylcholine and dopamine. We propose that the
rapid stress-induced activation of the amygdala-hippocampus brain memory system results in a linear
(non-hormetic) dose-response relation between emotional strength and memory formation. In response
to more prolonged stress, a delayed inhibition of hippocampal function develops, which can be
attributed to compensatory cellular responses which protect hippocampal neurons from excitotoxicity.
The inhibition of hippocampal functioning in response to prolonged stress is potentially relevant to the
well-described curvilinear (hormetic) dose-response relationship between arousal and memory. In
summary, our emphasis on the temporal features of stress-brain interactions addresses how stress can

activate,

as well as impair, hippocampal functioning to produce differently shaped (non-

hormetic/hormetic) stress-memory dose response functions.
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INTRODUCTION

The relationship between stress and memory
appears paradoxical. On the one hand, stress can
enhance learning and produce powerful memories that
last a lifetime, while on the other hand, stress can
impair learning and lead to profound memory
impairments. A major challenge that faces investigators
in the field of stress-memory interactions is to explain
the cellular and molecular mechanisms by which such a
complex relationship between stress and memory
exists. One possible explanation is that the effects of
stress on brain memory systems can follow either a
hormetic (biphasic) or non-hormetic (threshold,
linear) dose-response pattern'’!. Thatis, low levels
or brief periods of stress stimulate and enhance memory

mechanisms, while high levels or prolonged periods of
stress may either inhibit or enhance brain mechanisms
underlying synaptic plasticity. Hormetic dose-response
functions have been well documented in toxicology
research, where a number of chemical substances that
have harmful, toxic effects at high doses (e.g., arsenic,
alcohol) can produce decidedly non-toxic and even
beneficial, effects at low doses™. In the current review,
we will discuss how stress interacts with learning to
either enhance or impair memory and how the
relationship between the amount of stress and its effects
on cognitive processes depends on the interactions of
factors related to the stressor, the learning experience
and the brain memory systems activated by the learning
experience.
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THE PHYSIOLOGY OF STRESS

It is essential for stressors to rapidly activate
physiological systems which enable an individual to
survive a threat to its survival. To accomplish this goal,
stressors activate two primary physiological systems,
the sympathetic-adrenomedullary system and the
hypothalamus-pituitary-adrenal (HPA) axis. Activation
of the sympathetic-adrenomedullary system leads to a
rapid, almost immediate, release of epinephrine and
norepinephrine from the adrenal medulla, which
mobilizes metabolic resources that are necessary for the
fight-or-flight response"!. Activation of the HPA axis,
on the other hand, is a slower response that eventually,
minutes later, leads to the release of corticosteroids
from the adrenal cortex*”). An important function of
corticosteroids is to act as a homeostatic mechanism
and to regulate the stress response. Corticosteroids do
so by exerting negative feedback inhibition on brain
structures involved in the HPA axis and by inhibiting
sympathetic nervous system activity!®®. Thus, the
sympathetic-adrenomedullary system, in addition to
precursor hormones of the HPA axis (i.e., corticotropin-
releasing hormone and adrenocorticotropic hormone),
generate the stress response and prepare an individual
for action, and the primary purpose of corticosteroids is
to restore homeostasis to an activated physiological
system.

Nearly four decades ago, Bruce McEwen and
colleagues reported that the hippocampus, a medial
temporal lobe structure that plays a significant role in
declarative memory in humans"'"! and spatial working
memory in rodents'*'"!, contains a greater density of
corticosteroid receptors than any other brain region,
making it highly sensitive to stress!'®*".. One reason
why the hippocampus contains such a high density of
corticosteroid receptors is because it plays an important
role in the negative feedback regulation of the HPA
axis. Thus, studies have shown that hippocampal
lesions result in significantly greater baseline and
stress-evoked levels of corticosteroids'> !, There are
two types of corticosteroid receptors, both of which are
widely distributed throughout the hippocampus®***!,
One type is the mineralocorticoid receptor (MR), which
has a high affinity for corticosteroids and is thus almost
fully saturated under baseline physiological conditions.
The second type is the glucocorticoid receptor (GR),
which has one-tenth the affinity for corticosteroids as
the MR and becomes extensively occupied only when
there is a large increase in circulating levels of
corticosteroids, as occurs during stress. Most MRs and
GRs are located in intracellularly and when bound by

112

corticosteroids, act as nuclear transcription factors to
alter gene expression. However, recent work has
indicated that corticosteroids can also bind to
membrane-bound receptors and exert nongenomic
effects on cellular activity”®?”. As we will discuss
further in subsequent sections, these nongenomic
effects have become increasingly important in our
understanding of the cellular and molecular
mechanisms by which stress affects learning and
memory.

WHAT YERKES AND DODSON
ACTUALLY FOUND IN THEIR 1908
STUDY ON STRESS AND LEARNING

Numerous papers in the field of stress-memory
interactions have described an inverted U-shaped
relationship between stress, or physiological markers of
stress (e.g., corticosteroids), and learninglzg‘m. These
descriptions have been based on studies reporting that
moderate increases in stress or corticosteroids seem to
improve learning and memory, while too little or too
much stress or corticosteroids impair these processes.
Many investigators reporting a curvilinear relationship
between stress and learning have interpreted their
findings to conform to the well-known, but
misunderstood, Yerkes-Dodson Law(l, However,
neither the Yerkes-Dodson Law nor the relationship
between stress and learning is characterized by a
monolithic, inverted U-shaped function. One century
ago, Yerkes and Dodson examined the effects of a
range of shock intensities on the rate of learning a
discrimination avoidance task in mice™. These
investigators found that when mice were trained to
avoid shock in a simple (i.e., black/white) visual
discrimination task, their rate of learning increased
linearly as the intensity of the shock increased. In
contrast, when the mice were trained to avoid shock in
a more difficult (i.e., black/gray) visual discrimination
task, their rate of learning was optimal under conditions
of an intermediate amount of shock, while the lowest
and highest levels of shock led to significantly reduced
rates of learning. The former finding — that is, the
relationship between stress and learning in an easy task,
is illustrated in Curve A of Fig. 1, which shows that as
stress increases, performance also increases. At
extremely high levels of stress, this relationship would
theoretically reach an asymptote, at which point
performance could no longer be enhanced. The latter
finding — that is, the curvilinear relationship between
stress and learning in a difficult task, is illustrated
in Curve B of Fig. 1, which shows that low and
high levels of stress result in weak performance, while
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relationships between emotional states (arousal,
motivation or stress) and measures of
performance (e.g., attention or memory). The
curve in (A) depicts a threshold function in
which increasing emotionality produces an
increase in performance to a maximum
(asymptotic) level. The curve in (B) is an
inverted-U function in which performance
improves, but then deteriorates to baseline, with
increasing levels of emotionality. The third
curve in (C) depicts a true hormetic dose-
response function between performance and
emotionality. In this case, a small increase in
arousal or stress produces an improvement of
performance, but high levels of emotionality
produce a  significant impairment  of
performance below baseline (low stress) levels.

intermediate levels of stress produce optimal
performance. These two curves define the true Yerkes-
Dodson Law, which illustrates that there is a linear
relationship between stress and learning on easy tasks
and an inverted U-shaped relationship between stress
and learning on difficult tasks (see "' for related
discussion).

Since the original findings of Yerkes and Dodson,
numerous studies have demonstrated the importance of
task difficulty in mediating the effects of stress and
arousal on performance”**"!. That is, investigators have
clearly shown that at least two different curves, one
linear and the other curvilinear, characterize the
relationship between stress and learning, depending on
the type of learning experience that occurs®®**,
Despite these findings, investigators have largely
ignored the linear, task difficulty-based component of
the Yerkes-Dodson Law and tend to characterize the
relationship between stress and learning as one that is
solely curvilinear®*¥, Hence, when a curvilinear
relationship has been observed between stress or
corticosteroid levels and learning, the finding has been
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claimed to be consistent with the Yerkes Dodson Law.
For instance Andreano and Cahill recently reported an
inverted-U relationship between corticosteroid levels at
the time of learning and subsequent memory
performance!. The investigators discussed these
results by stating, “This finding is consistent with the
proposal, first made by Yerkes and Dodson, that
there exists an inverted-U relationship between stress
and performance — in our case, between endogenous
cortisol and memory consolidation” (p. 469). This is an
example of how the erroneous and simplified version of
what Yerkes and Dodson had originally observed
influences cognitive psychologists and behavioral
neuroscientists to this day.

The origin of the misrepresentation of the Yerkes-
Dodson Law appears to be attributable to work by
Donald Hebb"", among other cognitive
psychologists™'”%, in the 1950s. Hebb depicted the
relationship between arousal and performance as a
curvilinear, inverted U-shaped function. It is perhaps
ironic that Hebb’s version of the relation between
arousal and behavioral performance was not only
incomplete, but without even citing the Yerkes and
Dodson publication, his description of the curvilinear
relation between arousal and performance became
synonymous with the Yerkes-Dodson Law. With few
exceptionsl53‘54j, researchers who followed Hebb[SSJ, as
well as introductory Psychology textbooks®®, further
promulgated the incorrect Hebbian version of the
Yerkes-Dodson Law as a single U-shaped curve. It
would appear that most contemporary researchers who
cite the Yerkes-Dodson Law have failed to read the
1908 paper by Yerkes and Dodson, rendering it one of
the most well-cited, but largely unread, papers in the
history of science.

WHAT IS THE SHAPE OF
THE DOSE-RESPONSE FUNCTION
BETWEEN STRESS AND LEARNING?

Research has shown that, as Yerkes and Dodson
originally described, the effects of stress on learning
depend upon the interaction of factors related to the
stressor, the learning experience and the subject under
investigation® ¥ For example, acute periods of
stress or elevations of corticosteroids may have effects
on hippocampus-dependent learning and memory,
while leaving hippocampus-independent learning and
memory, such as reference (long-term) memory,
unaffected™*'"*°". With regards to hippocampus-
dependent tasks, investigators have reported an inverted
U-shaped relationship between stress and learning. In
human and rodent work, acute stress (or corticosteroid
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administration) dose-dependently influences declarative
(conscious, fact-based) and spatial memory, with short
periods of stress (or low doses of corticosteroids)
enhancing"**! and longer periods of stress (or high
doses of corticosteroids) impairing””*®*!  these
processes. Studies in humans and rodents have shown
that exposure to laboratory stressors (humans:
preparation and delivery of a speech, mental arithmetic,
cold pressor test; rodents: restraint + tailshock, predator
exposure, underwater trauma) of a prolonged duration
(typically > 20 min) before or after learning can impair
the recall of information. On the other hand, brief
periods of stress (typically < 5 min) before or after
learning can enhance the recall of information.
Importantly, this enhancement of memory is dependent
on the temporal proximity of the stressor to the learning
experience. Brief periods of stress can enhance the
consolidation of hippocampus-dependent memories if
they are administered immediately prior to or after
learning, but stress may have no effect on or, in some
cases, impair long-term memory if there is a substantial
delay between the initiation of the stressor and learning.
These findings are consistent with the suggestion by
Joels and colleagues'™’ that the stressor and learning
experience must converge in time for the stress to
enhance memory.

Joels and coworkers proposed that, to enhance
learning, the stressor must not only occur around the
time of the learning experience, but also in the context
of the learning experience’®”. They suggested that,
“...stress will only facilitate learning and memory
processes: (i) when stress is experienced in the context
and around the time of the event that needs to be
remembered” (p. 154). Indeed, the ability of stress to
facilitate learning when it occurs in the context of the
learning experience is clearly evident by the existence
of flashbulb memories. Such memories are
characterized by an unexpected and evocative event
enhancing the storage of neutral, otherwise forgettable,
information®. These memories, such as those
regarding the terrorist attacks on September 11, 2001,
are so strong that they can last a lifetime and, in some
cases, can become pathological, as is found in
traumatized people with post-traumatic stress disorder
(PTSD). In the case of flashbulb memories, the stressor
fulfills both of the criteria set forth by Joels and
colleagues”” — that is, the stressor enhances memory
when it occurs closely in time and in the context of the
explicit learning experience.

Researchers studying stress-memory interactions
have differentiated between the effects of extrinsic
stressors and intrinsic stressors on learning®"%,
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Extrinsic stressors are stressors that are outside the
context of the learning experience, while intrinsic
stressors are a component of the explicit learning
experience. Although intrinsic stress is typically
beneficial to learning and enhances long-term memory,
it can also have deleterious effects on cognition if
present for a long enough duration and at a large
enough magnitude™”. For instance, although people
who experience trauma, such as rape or wartime
combat, often have vivid, detailed memories for various
aspects of the event, there are some cases in which
these individuals develop traumatic amnesia for certain
parts of, or even the entire, traumatic incident™!!, In
rodent work, investigators have manipulated the water
temperature in the water maze to examine the influence
of intrinsic stress on spatial learning. The results of
these manipulations have shown that rats trained in
relatively cold (i.e., 19°C) water exhibited greater
corticosteroid levels (suggestive of a greater stress
response) and better memory than rats trained in
warmer (i.e., 25°C) water'’?!. However, rats trained in
extremely cold water (12°C) demonstrated impaired
memory, suggesting an overall inverted U-shaped
relationship between the intrinsic stressfulness of the
task and spatial memory'”". Thus, although intrinsic
stress can be beneficial to learning, it can have adverse
effects on these processes as well.

Joels and colleagues proposed that stressors which
are outside the context of another learning experience
(i.e., extrinsic stressors) can enhance memory as long as
the stressor is in close temporal and spatial proximity to
the learning experience. That is, an animal would
remember where it was when it was attacked by a
predator, or people would remember where they were
when they learned of a national tragedy. In each case,
the stress experience overlays in time and space with
otherwise neutral information (e.g., where the
individuals were when the stressful experience
occurred). But is it necessary for both space and time to
overlap for an animal to generate a flashbulb memory?
Can stress occurring in one environment enhance
memory for events occurring in another environment?
We tested this possibility in recent work in which rats
were stressed in one environment (in a room with cats —
predator stress)’*””, and then they were given water
maze training in another room. We found that brief (2-
min) cat exposure administered just prior to water maze
training, which occurred in another environment,
enhanced the long-term (24-hr) spatial memory of the
rats. The enhancement of spatial memory occurred only
when cat exposure occurred immediately before
training and not when 2 minutes of cat exposure
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. L (31,64
occurred 30 minutes before water maze training”"®.

This finding indicates that the brief stress experience
had to occur close in time to, but not in the same
environment as, the learning experience to enhance
memory consolidation.

We would suggest that the stress-induced
enhancement of memory, as is found in flashbulb
memories and in the cat stress-induced enhancement of
spatial memory, follows a linear dose-response
function. Thus, the magnitude of the stress-induced
enhancement of a simple learning experience increases
linearly as the stressor intensity and corticosteroid
levels increase!’®"! (Curve A in Fig. 1). For more
complex learning tasks, especially those that involve
great cognitive demands which require prefrontal cortex
activity®™*¥, high levels of stress would interfere with
performance (Curve B in Fig. 1).

The third graph in Fig. 1, Curve C, represents a
true hormetic relationship between stress and learning,
in which low levels of stress stimulate and high levels
of stress impair cognitive processes. This curve
indicates that subjects under a minimal amount of stress
(or motivation) exhibit a relatively weak level of
performance. From this low motivational level,
increasing levels of stress can facilitate performance,
and importantly, high levels of stress actually produce
performance that is significantly impaired. In a
classroom setting, for example, Curve C illustrates 3
conditions: the left side illustrates performance by a
student with a low level of motivation and poor
performance; the increased level of performance
reflects  increased motivation and  improved
performance; and, the reduction in performance at the
right side of the curve reflects classical test anxiety.
This hormetic curve was actually the topic of Hebb’s
description of the U-shaped relation between arousal
and performance and is what researchers typically
consider to be a Yerkes-Dodson Law relationship
between stress and performance.

The three different dose-response functions
describing the relationship between arousal and
performance may be related to the model of stress-
hippocampus interactions which we described
recently”®'!. In this model, we suggested that stress has
an initial stimulatory effect on memory-related
functioning of the hippocampus. This rapid and short-
lived activation of the hippocampus may underlie the
linear dose-response relationship between stress and
memory. That is, for rapid memory processing,
increases in arousal or stress produce corresponding
increases in memory functions of the hippocampus. The
enhancement of hippocampal functioning is followed
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within minutes of the stress onset by an inhibitory
effect on hippocampal functioning. New learning
occurring during this inhibitory or refractory phase of
hippocampal functioning would result in an impairment
of memory formation™'!. This hypothesis is consistent
with the finding that brief periods of stress enhance the
acquisition and consolidation of hippocampus-
dependent memories, but only if they are administered
immediately prior to or after learning. If there is a
substantial delay between the stress and learning, then
long-term memory is not enhanced and, in some cases,
is actually impaired. Additionally, this model suggests
that even a brief stressor of a large enough magnitude
could, after some delay, lead to an inhibition of
hippocampal function. Overall, exposure to a brief,
intense stressor immediately prior to or following
training facilitates the consolidation of information,
while exposure to a prolonged stressor immediately
prior to training can impair the consolidation of
information.

EFFECTS OF STRESS ON HIPPOCAMPAL
SYNAPTIC PLASTICITY

Extensive work has shown that acute stress and the
administration of corticosteroids impair the induction
of long-term  potentiation  (LTP) in  the
hippocampus™""*%! TP is an enhancement of
synaptic efficacy that results from the high-frequency
stimulation of afferent fibers® ™). It is considered a
physiological model of learning and memory because it
occurs rapidly, demonstrates longevity, requires
cooperativity, is strengthened by repetition and
demonstrates associativity and input specificity™**!. It
occurs prominently in the hippocampus; and,
pharmacological agents that facilitate the induction of
hippocampal LTP enhance learning and memory,
whereas pharmacological agents that inhibit the
induction of hippocampal LTP impair learning and
memory™®”. Since LTP is an appealing candidate for
the biological basis of memory formation, it provides
researchers with a means to indirectly assess the effects
of stress on learning at the physiological level. In 1987,
Thompson and coworkers found that exposing rats to
30 minutes of restraint or restraint combined with
tailshock blocked the induction of LTP in CAl in
vitro®". Diamond and colleagues then extended these
findings to show that acute stress (exposure to a novel
environment) blocked the induction of primed burst
potentiation (PBP), a low threshold form of LTP, in the
behaving rat®?. Since then, investigators have reported
that exposing rodents to a variety of stressors, including



Am. J. Pharm. & Toxicol., 3 (1): 111-124, 2008

predators, predator scent, restraint, tailshock, elevated
platform stress and a novel environment, impair the
induction of hippocampal LTP and PBP in vitro and in
vivoP ] The stress effects on LTP are not short-
lived, as the stress-induced impairment of hippocampal
LTP has been observed up to 48 hours post-stress'”*..

Researchers have contended that LTP, alone,
cannot provide a sufficient physiological model of
learning. In theory, there must be a mechanism by
which synaptic efficacy can be actively reduced, as well
as enhanced, in order to explain how potentiated
synapses could return to baseline and be involved in the
storage of additional memories. Such a form of synaptic
plasticity, referred to as long-term depression (LTD),
has been well demonstrated in the hippocampus and
typically results from low-frequency, rather than high-
frequency,  stimulation of afferent  fibers"™*.
Interestingly, LTP and LTD have the opposite effects
on synaptic efficacy, but both are dependent, to a large
extent, on similar cellular and molecular mechanisms —
that is, both involve NMDA receptor activity and Ca*'-
dependent intracellular signaling (however, note that
multiple forms of both LTP and LTD exist, with each
potentially involving different cellular and molecular
mechanisms)[87’88’94]. In contrast to their effects on
hippocampal LTP, acute episodes of stress have been
shown to facilitate the induction of LTD!’ ’IOOJ, which is
involved in the stress-induced impairment of
hippocampus-dependent memory''!. Researchers have
theorized that acute stress activates mechanisms in
common with hippocampal LTP®*1% which then
causes subsequent synaptic changes to favor depression
(i.e., LTD) rather than potentiation[m].

Importantly, in studies reporting a stress-induced
impairment of hippocampal LTP and a stress-induced
enhancement of hippocampal LTD, the animals were
exposed to a relatively long (at least 30 min) stress
experience before high-frequency stimulation was
delivered to the hippocampus. Our temporal dynamics
model, which states that the hippocampus is initially
activated and then suppressed by stress”®"), predicts that
when an emotionally arousing experience occurs in
close proximity to the delivery of high-frequency
stimulation, the duration of hippocampal LTP should
be enhanced. This prediction has been supported by
the findings of numerous studies over the past
decade!"**'1),

The mechanisms involved in the stress-induced
modulation of memory and LTP involve the rapid
release of epinephrine and norepinephrine from the
adrenal medulla, which facilitates the mobilization of
metabolic resources that are necessary for the fight-or-
flight response. Numerous studies have reported
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that the administration of epinephrine before or
after learning enhances hippocampus-dependent
memory""""™®1 Similar to the stress-induced

enhancement of learning, this effect is temporally-
restricted — that is, as the delay between epinephrine
administration and learning increases, the epinephrine-
induced enhancement of learning decreases'''®. In
addition, epinephrine enhances hippocampal LTP!'",
while adrenal demedullation impairs hippocampal
LTP!"* Research has suggested that the enhancing
effects of epinephrine are due to B-adrenergic receptor
activity, as the administration of -adrenergic receptor
antagonists blocks the epinephrine-induced
enhancement of hippocampal function''"*'*"" and the
administration of [-adrenergic receptor agonists
facilitates hippocampal function''**"2*!,

When Thompson and colleagues first reported that
acute stress impaired hippocampal synaptic plasticity,
they also noted a significant negative relationship
between corticosteroid levels and inducible LTP!.
Since then, several studies have reported that the
administration ~ of  corticosteroids can  impair
hippocampus-dependent learning and memory and
hippocampal LTP in vivo and in vitro”*'*!. However,
a complete removal (via adrenalectomy) or significant
reduction (via metyrapone, a pharmacological inhibitor
of  corticosteroid synthesis) of  circulating
corticosteroids also leads to impairments of
hippocampus-dependent learning and memory, as well
as hippocampal synaptic plasticity, suggesting an
inverted U-shaped dose-response relationship between
corticosteroids and hippocampal function™*'*!,

In one study, Diamond and colleagues found
that at low levels of circulating corticosteroids (i.e.,
0-20 pg/dL), there was a positive relationship between
corticosteroids and hippocampal PBP, while at elevated
levels (i.e. stress levels, or > 20ug/dL), this relationship
was negative!”®. The investigators also reported that
extremely high levels of corticosteroids (i.e., > 60
png/dL) promoted synaptic depression. Such findings
suggested that there was a hormetic, rather than a
simple inverted U-shaped, dose-response relationship
between corticosteroids and hippocampal synaptic
plasticity. Although adrenalectomy, which resulted in
almost a complete absence of circulating
corticosteroids, impaired synaptic potentiation, it did
not result in the facilitation of synaptic depression.
Such a response was only observed in the presence of
extremely high circulating levels of corticosteroids.
Thus, this work suggested that moderate increases in
corticosteroids facilitate hippocampal plasticity, while
extreme increases in corticosteroids have deleterious
effects on hippocampal synaptic plasticity.
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These findings coincide with research in humans
examining the effects of corticosteroid administration
on learning. For instance, when investigators gave
participants hydrocortisone prior to learning in the
morning hours (when cortisol levels are at their peak in
humans), subjects exhibited impaired memory for the
information at test!'?”. On the other hand, if the
hydrocortisone was given prior to learning in the
afternoon hours (when cortisol levels are relatively low
in humans), the subjects demonstrated enhanced
performance at test'*!. In theory, the administration of
hydrocortisone in the morning hours, when endogenous
corticosteroid levels were at the peak of Curve B in
Fig. 1, drove corticosteroid levels to the right part of
Curve B, which resulted in impaired performance. In
contrast, the administration of hydrocortisone in the
afternoon hours, when endogenous corticosteroid levels
were low and at the left portion of Curve B in Fig. 1,
thrust corticosteroid levels to the peak of Curve B,
which led to enhanced performance. Collectively, these
findings suggest that the inverted U-shaped relationship
between stress and hippocampus-dependent learning
and memory may be a result of corticosteroid activity.

According to the Opposing Receptor Hypothesis,
activation of MRs is responsible for the corticosteroid-
induced enhancement of hippocampal plasticity, while
the activation of GRs is responsible for the
corticosteroid-induced impairment of hippocampal
plasticity''*). This opposing role of MRs and GRs in
hippocampal plasticity is based on the fact that low
levels of circulating corticosteroids result in MR
activation, while higher levels of circulating
corticosteroids, such as those observed during stress,
result in GR activation'*!. This hypothesis was initially
supported by replacement studies reporting that, in
adrenalectomized rats, the administration of the MR
agonist aldosterone enhanced hippocampal LTP and
rescued spatial memory impairment**"*"! while the
administration of GR agonists impaired hippocampal
LTP and enhanced hippocampal LTD"**"*?_ However,
as Conrad and colleagues''” pointed out, studies
examining the effects of corticosteroid receptor
antagonists on hippocampal function in intact rats (i.e.,
subtractive studies) did not support the Opposing
Receptor Hypothesis. Indeed, the administration of GR
antagonists led to impaired spatial memory, while the
administration of MR antagonists had no observable
effect on these processes'' %,

Further research revealed that some GR occupancy
is necessary for optimal hippocampal function. In a
series of experiments, Conrad and colleagues found that
when GRs were either completely blocked or highly
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occupied, rats exhibited impaired spatial memory in the
Y-maze, an effect that was independent of the level of
MR activation!'*!, In other words, only when there was
a moderate level of GR occupancy did rats exhibit
intact spatial memory. Collectively, these findings
suggested that GR activity may be responsible for
mediating the hormetic relationship  between
corticosteroids and hippocampal function. Moreover,
the findings support the notion that during low levels of
stress, when there are moderate increases in
corticosteroid levels which occupy few GRs,
hippocampal synaptic plasticity and hippocampus-
dependent learning and memory are enhanced, while
during high levels of stress, when there are significant
elevations of corticosteroid levels and almost a
complete saturation of GRs, hippocampal synaptic
plasticity and hippocampus-dependent learning and
memory are impaired.

As indicated above, corticosteroids typically exert
their effects on cells by binding to intracellular
receptors, which then enter the nucleus and act as
transcription factors to modulate gene expression”®!.
More recent work has indicated that corticosteroids can
also bind to membrane-bound receptors and exert rapid,
nongenomic effects on neuronal transmission. For
instance, systemic administration of corticosterone in
rats leads to a rapid (e.g., < 15 min) increase in
extracellular levels of the excitatory amino acids
glutamate and aspartate in the CAl region of the
hippocampus, an effect that is still observed following
the  administration of  selective intracellular
corticosteroid receptor antagonists' . Additional work
has shown that bath application of corticosteroids
enhances the frequency of miniature excitatory
postsynaptic currents in CAl hippocampal neurons
within 5-10 minutes™®. This effect was shown to be
mediated by an MR-dependent increase in glutamate
transmission. Interestingly, the threshold corticosteroid
concentration for these rapid nongenomic effects is 10-
to 20-fold greater than in vitro effects observed on
intracellular MRs. Such a finding could explain how
stress can have an immediate excitatory effect on
hippocampal synaptic plasticity and, consequentially,
learning and memory. As explained by Karst et al'*®!:

The requirement of at least 10 nM corticosterone to
induce rapid effects on hippocampal glutamate
transmission indicates that such effects will not occur
with basal levels of the hormone but only when
hormone levels are elevated...This mechanism would
supply the brain with the means to react quickly to
stress through the MR, next to other rapid stress-
activated systems involving noradrenaline and
corticotropin-releasing hormone (p. 19207).
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The nongenomic effect of corticosteroids on
hippocampal function could explain how an intense
episode of brief stress rapidly facilitates hippocampus-
dependent learning and memory and aids in the
formation of flashbulb memories (Fig. 1 A). As
indicated above, the corticosteroids rapidly increase
glutamate transmission in the hippocampus, which
would foster optimal conditions for synaptic plasticity
and learning to occur. However, this corticosteroid-
induced enhancement of glutamatergic transmission in
the hippocampus would also trigger processes that
inevitably lead to a decrease in hippocampal function
and impaired learning and memory (Fig. 1 B, C). As
glutamate transmission is persistently enhanced by
corticosteroids, calcium would continue to enter
hippocampal cells”™"**"*”! This would cause NMDA
receptors in the hippocampus to desensitize in order to
protect the cells from excitotoxicity**'**.  Although
this is an advantageous mechanism to shelter the cells
from damage, it would theoretically lead to impaired
synaptic plasticity and learning.

INTEGRATIVE NETWORK APPROACH
TO THE CELLULAR AND MOLECULAR
MECHANISMS UNDERLYING HORMETIC AND
NON-HORMETIC RELATIONSHIPS BETWEEN
STRESS AND LEARNING

An acute stress experience promotes the massive
release of several neuromodulators (e.g., glutamate,
acetylcholine, dopamine, corticotropin-releasing
hormone, norepinephrine), which ultimately lead to

enhanced learning and memory and activates
endogenous forms of neuroplasticity in the
hippocampus!'%*!'* 1241431341 Corticosteroid-mediated

effects on the hippocampus would not be observed
immediately with the onset of the stress, as there is at
least a several minute delay from the onset of stress and
the release of corticosteroids from the adrenal cortex.
When the corticosteroids reached the hippocampus,
they would exert an immediate nongenomic, MR-
dependent excitatory effect on learning and memory
mechanisms. This excitatory effect of corticosterone
would interact with increased  glutamatergic
transmission and activate intracellular calcium-
dependent signaling cascades. At the same time, stress
would activate cellular processes within the amygdala,
which would also lead to a direct enhancement of
hippocampal plasticity. Collectively, all of these
stimulatory mechanisms would facilitate the storage of
information occurring at the time of stress onset,
enabling the formation of flashbulb memories.
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However, as the stressor continued and corticosteroid
levels steadily rose, a massive buildup of postsynaptic
glutamate and calcium, as well as extensive GR
activation, would ensue, promoting the desensitization
of NMDA receptors and impaired hippocampal
function. This stress-induced refractory period would
lead to impaired synaptic plasticity within the
hippocampus and, consequently, impaired learning and
memory.

It is important to note that the hormesis-like
relationship between stress and learning undoubtedly
varies depending on the context in which the stress and
learning occur. For instance, the type and duration of
stressor, as well as several characteristics of the task
itself (e.g., difficulty, aversiveness), would likely
modulate the height and width of the peak and nadir of
Curve C in Figure 1. In addition, although prolonged
periods of acute stress may lead to impaired
hippocampal function, they do not completely
incapacitate the subject under investigation. Indeed,
some tasks, such as contextual fear conditioning, are
likely to remain unaffected following prolonged periods
of stress, especially when these tasks retain important
survival information. The cognitive abilities that remain
unaffected in such periods of stress are likely to be
explained by the fact that some forms of synaptic
plasticity are not impaired and may actually be
enhanced, by prolonged stress (e.g., voltage-gated
calcium channel-dependent LTP)™!,

SUMMARY

For over a century, researchers have described the
complex relationship between stress and behavioral
performance. Depending on the interaction of numerous
factors, stress may enhance, impair or have no effect on
learning and memory. We have discussed the
behavioral and neurobiological basis of these findings
in a format which represents stress-memory interactions
as conforming to linear (threshold), U-shaped or
hormetic dose-response functions. We have also
discussed how the expression of stress-memory
interactions is influenced by the brain structures
(prefrontal cortex, hippocampus and amygdala) that are
involved in the processing of the information, which
interact with the relative timing of cues, such as when a
stressful experience influences the storage of otherwise
neutral information storage, as occurs with traumatic
and flashbulb memories. Our approach to integrate
multiple dose-response  functions with synaptic
plasticity underlying memory storage may provide a
structure with which to improve our understanding of
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how strong emotionality exerts such powerful positive,
as well as negative, effects on memory.
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