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Abstract

Perhaps the most salient behaviors that individuals engage in involve the avoidance of aversive
experiences and the pursuit of pleasurable experiences. Engagement in these behaviors is regulated
to a significant extent by an individual’s hormonal milieu. For example, glucocorticoid hormones
are produced by the hypothalamic-pituitary-adrenocortical (HPA) axis, and influence most aspects
of behavior. In turn, many behaviors can influence HPA axis activity. These bidirectional
interactions not only coordinate an individual’s physiological and behavioral states to each other,
but can also tune them to environmental conditions thereby optimizing survival. The present
review details the influence of the HPA axis on many types of behavior, including appetitively-
motivated behaviors (e.g., food intake, drug use), aversively-motivated behaviors (e.g., anxiety-
related, depressive-like) and cognitive behaviors (e.g., learning, and memory). Conversely, the
manuscript also describes how engaging in various behaviors influences HPA axis activity. Our
current understanding of the neuronal and/or hormonal mechanisms that underlie these
interactions is also summarized.

Introduction

HPA axis overview

The HPA axis (Figure 1) originates with the hypophysiotropic neurons located in the medial
parvocellular subdivision of the paraventricular nucleus of the hypothalamus (PVH; see
Table 1 for a list of all abbreviations) (please also see (560) for a general overview of the
HPA axis). These neurons send projections to the median eminence, and when activated,
they discharge corticotropin releasing hormone (CRH) and other releasing factors into the
hypophyseal portal vasculature. These releasing factors are carried to the anterior pituitary,
where they stimulate corticotrophs to release adrenocorticotropic hormone (ACTH) into
systemic circulation. ACTH acts on cells in the zona fasciculata of the adrenal cortex to
stimulate the production and secretion of glucocorticoid hormones (e.g., cortisol in humans
and corticosterone in rodents) into general circulation.

Importantly, CRH neurotransmission is not limited to communication between the PVH and
anterior pituitary. CRH is also expressed in other stress-regulatory brain regions, including
the central amygdala and bed nucleus of the stria terminalis (BNST) (337, 376, 385, 529).
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Moreover, it has two receptors (CRH receptors 1 (CRH-R1) and 2 (CRH-R2)), and the
affinity of CRH for CRH-R1 is much greater than for CRH-R2 (whereas another CRH-
related peptide, urocortin, binds preferentially to CRH-R2 versus CRH-R1) (92, 96, 295,
399, 571). Both CRH-R1 and CRH-R2 are broadly expressed in brain and periphery (91,
414). Together this suggests that interventions that target CRH signaling have the capacity to
influence the HPA axis, as well as other stress-related outcomes, through actions at multiple
receptor types in multiple brain regions.

Circadian regulation of the HPA axis

The HPA axis displays a low level of basal activity that varies with time of day. ACTH and
glucocorticoid levels are higher near the onset of the waking period (i.e., morning in people,
and evening in nocturnal rodents like rats and mice), and are lower near the onset of the
inactive period (please see (517) for a detailed review of HPA axis rhythmicity). This
circadian regulation is largely set by the suprachiasmatic nucleus of the hypothalamus
(SCN) (517), the central circadian pacemaker, and results in both elevated circulating ACTH
and increased adrenal responsiveness to ACTH, that combine to increase circulating
glucocorticoids near the circadian peak (554). This rise in glucocorticoids may then act on
peripheral tissues to entrain their inherent circadian pacemakers, thereby keeping them in
phase with the SCN (26, 120, 179, 273, 507).

Stress regulation of the HPA axis

Stress is often defined as a real or perceived threat to homeostasis or well-being. During
exposure to stress, information about the stressor is processed by a complex network of
brain circuitry that includes the PVVH. This brain network ultimately evokes physiological
responses to the stress, including activation of the HPA axis. The HPA axis has the capacity
to exert widespread, long-term effects via the increased circulating glucocorticoids.
Glucocorticoids mobilize energy (e.g., increasing liver gluconeogenesis to promote
hyperglycemia (35)) and promote survival during an acute stress challenge.

However, repeated or sustained activation of the physiological stress responses, as occurs
during chronic stress, evokes a number of long term adaptations to these systems (please see
(330, 425) for detailed reviews of chronic stress effects). Altered gene expression and
synaptic plasticity in stress-regulatory brain regions lead to persistent changes in stress
system function (560). For instance, chronic stress leads to dendritic atrophy in stress-
inhibitory brain regions like the hippocampus and medial prefrontal cortex (PFC) (304, 426),
and dendritic branching in stress-excitatory brain regions like the amygdala (574). This is
accompanied by a shift in PVH inputs to favor neuronal excitation (157), elevated CRH
MRNA expression in the PVH (156, 213), and adrenal hypertrophy (157, 213, 557). The net
result of these various changes is increased HPA axis excitability, leading to elevated basal
and stress-evoked glucocorticoid levels that evoke physiological changes that include
atrophy of the thymus gland (11, 189, 562).

Glucocorticoid signaling

Glucocorticoids signal via binding to their receptors, both the type | mineralocorticoid
receptors (MR) and the type Il glucocorticoid receptors (GR). MR has a high affinity for
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glucocorticoids, and is nearly fully occupied at relatively low glucocorticoid concentrations
(258, 336). MR is located in the hippocampus, amygdala, lateral septum, olfactory nucleus,
cortex, and brainstem (258). In contrast, GR has a lower affinity for glucocorticoids and is
occupied when glucocorticoids concentrations are high, such as after stress (431). GR is
widely expressed throughout the brain and body, including in the anterior pituitary and brain
regions that regulate HPA axis activity (201, 350, 432). This anatomical arrangement allows
glucocorticoids to act on GR and/or MR in the PVVH, pituitary and other stress-regulatory
brain circuitry to exert negative feedback (259, 357, 358). By limiting their own production,
glucocorticoids contribute to the termination of the HPA axis stress response.

The widespread expression of GR and MR throughout the brain also includes regions that
are critical for regulating behavior including the PFC, amygdala, and hippocampus. This
suggests that the HPA axis is well-positioned to modulate a wide variety of behavioral
processes, including stress-related behaviors (e.g., depression-like and anxiety-related),
rewarding behaviors (e.g., use of drugs of abuse and eating highly-palatable foods), and
learning and memory. This contention is supported by a large body of scientific research,
which is summarized below.

HPA axis interactions with stress-related behaviors

Depression

Exposure to stress or trauma is linked with the development of several neuropsychiatric
disorders in humans, including depression, anxiety disorders and posttraumatic stress
disorder (PTSD), as well as the onset of depression-like and anxiety-related behaviors in
rodents (42, 49, 54, 78, 116, 187, 188, 215, 227, 256, 266, 272, 327, 329, 393, 409, 468,
566, 579, 617). In the following sections, we first provide a brief overview of the evidence
for HPA involvement in various stress-related neuropsychiatric disorders; this information is
provided as a framework for the subsequent descriptions of the related rodent-based
research. Readers are encouraged to consult the Comprehensive Physiology review by
Lauren Jacobson (231) for a more thorough review of these relationships in people.

Association of HPA axis dysfunction with depressive illness in humans—
Depression is a leading cause of disability, with more than 350 million people suffering from
depression worldwide (316, 598). Depression is marked by mood and behavioral
disturbances. Affected persons feel discouraged, sad, hopeless, unmotivated, or disinterested
in life in general. Depression interferes with the patient’s ability to complete daily activities
and to find enjoyment in once pleasurable pursuits, and can even lead to suicidal thoughts or
actions. Importantly, chronic stress is a primary risk factor for the development of
depression. Patients who have a history of stressful life events are more likely to become
depressed, with stress contributing to both the initial onset of depression as well as
recurrence of depressive bouts (116, 256, 327, 393).

The contribution of stress to the pathobiology of depression has been related in part to the
dysregulation of the HPA axis activity that accompanies chronic stress exposure. Many
patients with depressive disorder show signs of HPA axis hyperactivity at multiple levels of
the axis, including the brain, pituitary, and adrenal glands. First, several studies have
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indicated that CRH hypersecretion occurs in depression. The concentration of CRH in
cerebrospinal fluid is elevated during depression (27, 362, 363, 439, 594). Also, post-
mortem studies reveal that the hypothalami of depressed patients have a greater number of
CRH positive neurons (28, 424), as well as increased expression of CRH mRNA (423).
Second, depression is associated with indices of increased activation of pituitary
corticotrophs. Circulating ACTH levels are elevated in many patients with depression (388,
402) and congruently pituitary size, as measured by MRI, is increased as well (269). Third,
depression is linked with signs of increased adrenocortical tone. For example, many
depressed patients have elevated circulating glucocorticoids (69, 177, 221, 222, 362, 382,
388), including disruption of the normal glucocorticoid circadian rhythm. More specifically,
depressed patients often have elevated cortisol secretion during the late evening and night, a
time of day corresponding to the nadir of the circadian rhythm, suggesting a possible
disinhibition of normal HPA axis activity (86, 123, 180, 325, 427, 458). Consistent with
elevated glucocorticoid production, the adrenal glands are enlarged in many depressed
patients (17, 361, 532). Taken together, this work suggests that patients with depression
often have signs of increased HPA axis tone that can span multiple levels of the axis.

Further, evidence suggests that this sustained HPA axis over-activity is often accompanied
by impaired glucocorticoid negative feedback. For example, the dexamethasone suppression
test has been used to assess glucocorticoid negative feedback in depressed patients and
healthy controls. In this test, the ability of the synthetic glucocorticoid dexamethasone to
reduce circulating cortisol is measured. In many depressed patients the extent of cortisol
suppression by dexamethasone is blunted (85, 177, 214, 220, 362, 382). This limited
capacity for glucocorticoid negative feedback can then contribute to the maintenance of HPA
axis hyperactivity in depression. Importantly, this impaired negative feedback appears to
result largely from reduced GR function, rather than overall reductions in GR number
(reviewed in (100, 387)).

It is important to also note that depression is a heterogeneous disorder, with some depressive
patients exhibiting HPA axis over-activity, others under-activity, and still others normal
activity. This has led some to classify depression into various subtypes that are associated
with distinctive HPA axis profiles. For example, the melancholic or typical subtype of
depression affects approximately 30% of depressed patients, is associated with anxiety and
fear of the future, and is linked with hyperactivity of the HPA axis (176). (Note that in the
Diagnostic and Statistical Manual of Mental Disorders version 5 (DSM-5), varying
presentations of major depression are classified by modifiers that are applied to the primary
diagnosis (16)). In contrast, the atypical subtype of depression also affects approximately
30% of depressed patients, but is associated with lethargy and fatigue, and is primarily
linked with CRH deficiency and down-regulation of the HPA axis (176). Other patients may
present with a combination of features rather than pure melancholic or atypical depression
(176).

Contribution of HPA axis dysregulation to depressive illness in humans—
Given associations between the HPA axis abnormalities and depression in some patients, it
raises the possibility that HPA axis abnormalities may contribute to the pathophysiology of
this disease. Indeed some clinical evidence supports this contention. First, diseases or
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genetic factors that affect glucocorticoid levels can also impact depression outcomes. For
example, individuals with Cushing’s disease have chronically elevated glucocorticoids and
are also at a greater risk for developing depression (203, 512). Also, Claes et al. (99) found a
significant association between two single-nucleotide polymorphisms (SNP) within the
CRH-binding protein gene (CRH binding protein is a secreted glycoprotein that has a high
affinity for CRH and acts as a negative regulator of CRH activity (95)) and depressive
disorder, suggesting that altered CRH signaling can contribute to the development of
depressive behaviors. Another study found a protective SNP haplotype that may influence
gene expression of the arginine vasopressin 1B receptor gene (vasopressin can act through
this receptor to modulate ACTH release from the pituitary) whereby individuals carrying
this gene were less likely to develop depression (581). Second, effective treatment of
depression with an antidepressant, such as imipramine, also improves HPA axis function and
regulation (435, 458, 615). Adrenal enlargement subsides upon recovery from the disease
(455), and HPA axis normalization during antidepressant treatment is associated with a
reduced rate of remission (387). Third, drug interventions that target the HPA axis may help
to improve depression symptoms. More specifically, investigators have used several different
approaches to reduce HPA axis tone (e.g., by reducing either the amount of glucocorticoids
present and/or by limiting glucocorticoid actions at GR) and have seen beneficial effects in
some patients. These approaches include treatment with ketoconazole, a drug that inhibits
glucocorticoid biosynthesis and antagonizes GR (593); metyrapone, a drug that blocks
production of steroid hormones including glucocorticoids (369, 429); and RU486, a GR
antagonist (37, 38, 356, 607). Likewise, a CRH-R1 antagonist can also improve depression
symptoms (219, 614). When taken as a whole, the normalization of HPA axis tone by some
antidepressant therapies, the increased occurrence of depression in patients with HPA axis-
based diseases (e.g., Cushing’s) or HPA axis-regulatory SNPs, and the effectiveness of
pharmacological treatments targeting the HPA axis, suggests that HPA axis dysfunction may
play a causative role in development of depression in some patients.

However, once again it is important to note that not all depressed patients show signs of HPA
axis hyperactivity. This indicates that any causal role that HPA axis over-activity plays in the
development of depression is not universal; leading to critical questions regarding how and
when HPA axis dysfunction contributes to depression. Thus, many investigators have been
using non-human animal models to provide additional mechanistic insights into the
interactions between HPA axis tone and depressive-like behaviors.

Depressive-like behavior in rodents

Common assessments of depression-like behavior in rodents: Rodents have been used
extensively to study the role of the HPA axis in promoting depression-like symptoms. One
of the core features of depressive illness is altered mood, in which patients feel helplessness
and dread about future prospects due to feelings of personal deficiency and failure (176). In
rodents, behavioral despair is often inferred during tests of learned-helplessness, including
the forced swim test and the tail suspension test (119) (Table 2). Another primary feature of
depressive illness is the inability to enjoy previously pleasurable experiences (anhedonia),
and this is often assessed in rodents with a sucrose preference test (119, 246, 585) (Table 2).
These common tests are summarized below:
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1 The typical forced swim test (298, 412, 413) occurs over two consecutive days,
with rats or mice being placed into a container of water that is sufficiently deep
to prevent standing on the bottom, and from which there is no way to escape. On
the second day, a trained observer records the amount of time spent actively
swimming (i.e., searching for an escape route) vs. immobile (i.e., doing only the
minimal movements necessary to prevent drowning). Increased time spent
immobile is considered as a depressive-like behavior similar to behavioral
despair, with antidepressant treatment reducing immobility (409, 412).

2. For the tail suspension test, a mouse is briefly suspended by the tail, and the
amount of time spent immobile is used as an indication of depressive-like
behavior (522). Again, immobility in the tail suspension test is decreased by
antidepressant treatment (409, 522).

3. For the sucrose preference test, rodents are generally offered free access to both
normal water and a modestly sweet sucrose drink (such as 1%-2% sucrose
solution), and the intake of both is monitored (481, 585). Sucrose preference is
expressed as the percentage of total drink intake that was derived from the
sucrose solution, with reduced sucrose preference being considered a sign of
anhedonia (585, 586). Chronic stress typically reduces sucrose preference, and a
wide range of antidepressant treatments are effective at reversing and/or
preventing stress-induced reductions in sucrose preference (87, 524, 525, 585,
586).

Chronic stress promotes depressive-like behaviors in rodents

Homotypic chronic stress paradigms: Consistent with the association of stressful life events
and depression in humans, chronic stress paradigms in rodents elicit depression-like
behaviors in these behavioral tests (Table 3). A wide variety of chronic stress paradigms
have been used to induce depression-like behaviors in rodents. Among the most commonly
used are repeated homotypic stress paradigms, in which a single type of stress is repeatedly
administered over a multiple days (215, 409). For example, repeated footshock stress in
adult rodents induces immobility in the forced swim test, and these effects can be reversed
by treatment with the antidepressant citalopram (271, 409). Similarly, repeated restraint
stress increases immobility in the forced swim test and reduces preference for sucrose, and
these effects can be prevented by antidepressant drugs such as reboxetine and desipramine
(66, 197). Chronic social defeat stress increases immobility in the forced swim test, and this
is prevented with reboxetine treatment (197). It is clear that many repeated homotypic stress
paradigms induce behavioral indices of depression that are generally reversed by
antidepressant treatment. However, it should also be noted that the HPA axis typically
undergoes habituation (22), a process in which the glucocorticoid response to a particular
stressor is reduced following a history of prior exposures to that same stressor. This has led
some investigators to use other chronic stress paradigms that are designed to limit HPA axis
habituation, in order to explore whether they similarly evoke depressive-like behaviors.

Heterotypic chronic stress paradigms: Chronic heterotypic stress paradigms, in which a
variety of stressors are administered on an unpredictable schedule, are often used when
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investigators wish to minimize HPA axis habituation (215, 409). For example, in the
commonly-used chronic mild stress (CMS) paradigm, rodents are subjected to an array of
stressors, including overnight illumination, cage tilt, change of cage mate, and brief food or
water deprivation, that are generally administered in an unpredictable order for
approximately 4 weeks (585). CMS typically results in anhedonia, as assessed by the
sucrose preference test, and this is prevented by treatment with a variety of antidepressants
including tricyclic (TCAs) and tetracyclic (TeCAs) antidepressants, selective serotonin
reuptake inhibitors (SSRIs), and monoamine oxidase inhibitors (MAOISs) (215, 347, 409,
585, 586). CMS also decreases sexual, aggressive and exploratory behavior, and causes
deficits in reward system measures (586). Another closely-related heterotypic stress
paradigm, chronic variable stress (CVS), consists of twice-daily exposure to one of a variety
of brief stressors (e.g., hypoxia, restraint, cold exposure, placement on a slow orbital shaker
platform, etc.) that are typically given over two weeks (213). CVS exposure induces
anhedonia in the sucrose preference test and immobility in the forced swim test (534),
suggesting that CVS induces depressive-like behaviors similar to CMS.

Early life stress paradigms: Lastly, adverse early life events such as childhood abuse and
neglect or prenatal stress have been implicated in predisposing people for depressive illness
(116, 205, 218) and this has been modeled in rodents using paradigms such as maternal
deprivation and prenatal stress (409). For maternal deprivation, pups are separated from their
mother for designated periods of time (up to 4 hours per day) during the first few weeks of
life, resulting in deprivation of maternal care, as well as changes in the behavior of the
mother to the pups (409). For prenatal stress, common paradigms expose the pregnant
mother to brief stressors on certain days of the pregnancy, for example, by temporarily
placing her into a well-ventilated, clear plastic restraint tube (301, 409). These early life
stress paradigms can lead to depression-like behaviors in the offspring later in life, including
increased depression-like behavior in the forced swim test that can be reversed with
antidepressant treatment (1, 301, 351, 352). Notably, early life stress can also cause HPA
axis disturbances later in life, such as increased c-fos expression in the PVH (suggestive of
enhanced PVH activation) and elevated glucocorticoid responses to an acute stress challenge
(1, 212, 301, 406). Taken together, these data suggest that excessive HPA axis reactivity is
correlated with the development of depressive-like behavior following early life stress.

Contribution of the HPA axisto depressive-like behaviorsin rodents: As described
above, the HPA axis undergoes changes in response to chronic stress exposure, including a
shift in stress-regulatory inputs to the PVH that favors neuronal excitation (157, 304, 305,
426, 574), increased PVH expression of CRH mRNA (213, 308), adrenal hypertrophy (157,
213, 308, 558), and elevated basal and stress-evoked glucocorticoids. Notably, this shift
towards greater HPA axis excitability mirrors that which occurs in a subset of depressed
patients (as described above). However, despite the well-documented associations between
altered HPA axis tone and depression-like behaviors, the specific role that the HPA axis
plays in promoting depressive-like behaviors is not clear, particularly since only some
depressive patients exhibit HPA axis over-activation.
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Effect of manipulations that reduce CRH or glucocorticoid signaling on depressive-like
behaviors: Rodent models have proved useful for exploring the potential contributions of the
HPA axis to depressive-like behaviors, as they provide opportunities to directly intervene in
HPA axis function at multiple levels of the axis while assessing behavioral outcomes. First,
interventions that limit CRH or glucocorticoid activity reduce depressive-like behaviors
(Table 3). The CRH-R1 antagonist NBI30775 given following peripubertal stress reduces
depression-like behaviors in the forced swim test in adulthood (567). Loss of glucocorticoids
following adrenalectomy prevents the development of reduced sucrose preference following
CMS (181). Likewise, the GR antagonist mifepristone prevents reductions in sucrose
preference following CMS (599).

Effect of manipulations that increase CRH or glucocorticoid signaling on depressive-like
behaviors: Interventions that increase central (e.g., CRH) and/or peripheral (e.g.,
glucocorticoid) HPA axis tone generally promote depression-like behaviors (Table 3). For
example, intracerebral administration of CRH to rats, mice and monkeys elicits depression-
like behaviors such as increased immobility, behavioral despair, and distress (381).
Transgenic mice that overexpress CRH mRNA (via the MT-1 promoter) have elevated
plasma ACTH and corticosterone levels, and also display increased immobility in the forced
swim test (168, 519). Similarly, chronic exogenous corticosterone administration reduces
sucrose preference and social exploration in mice similar to CMS (181) and also increases
immobility in the forced swim test in rats (137). Transgenic mice with reduced GR
expression in neurons or specific brain regions generally exhibit increased glucocorticoids
and increased depression-like behaviors (62, 166, 346). However, there are some conflicting
behavioral results between mouse lines depending on sex, the extent of GR reduction and/or
the particular brain regions targeted (167, 510, 549), indicating that further research is
needed to fully understand the role of central GR signaling (and/or accompanying increases
in circulating glucocorticoids) in depressive behavior. When taken as a whole, these results
suggest that manipulations that increase HPA axis tone generally promote depressive
behaviors, whereas manipulations that decrease HPA axis tone generally reduce them.

Mechanisms by which GR-signaling modulates depressive-like behavior: Since evidence
suggests that elevated HPA axis activity might increase depressive-like behavior, at least in
part, via increased signaling at GR in brain, recent work has turned towards identifying
potential downstream mechanism by which central GR could modify these behaviors. Some
of this work has studied the effects of reduced GR function by using a transgenic mouse that
overexpresses GR antisense RNA in neurons (reviewed in (324)). This manipulation results
in markedly reduced GR expression in brain that is accompanied by increased HPA axis tone
(presumably due to diminished glucocorticoid negative feedback). Notably, reduced central
GR expression alters the expression of numerous other genes in the hippocampus and frontal
cortex. For instance, the mRNA expression of Arc and NeuroD1 (genes that are linked with
synaptic plasticity), is altered in the hippocampus of these mice. There is also decreased
expression of several histone-related genes (e.g., H2AZ, HDAC2, HDAC5, MYST2, and
NCorl), as well as increased expression of the CpG binding protein, MeCP2, which taken
together are suggestive of altered transcriptional activity and epigenetic regulation.
Consistent with the possibility that GR-signaling modulates depressive-like behavior, at least
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in part, via synaptic plasticity, treatment of male rats with the GR antagonist mifepristone
prevents both CMS-induced alterations in hippocampal synapsin | expression, and reduced
sucrose preference (599). Lastly, the expression of several clock genes (e.g., rev-ervB, Per 1,
Per 3, NPAS2) is altered in the hippocampus ((26) and reviewed in (324)). Thus, it is
possible that GR could impact depressive behavior through effects on multiple, and
potentially overlapping, neurobiological mechanisms, including synaptic plasticity,
epigenetic regulation, and clock/circadian gene regulation.

Summary of depressive illness and depression-related behaviors—Chronic
stress increases both HPA axis tone and risk for developing depressive illness and many, but
not all, depressed patients exhibit signs of HPA axis over-activation. This has led some to
speculate that HPA axis over-activation may contribute to the etiology of depression in at
least a subset of patients. Chronic stress paradigms in experimental animals largely
corroborate these clinical observations. Mechanistic studies in experimental animals are
directed towards further understanding the nature of these interactions, for example by
studying the possible roles of synaptic plasticity, epigenetics and/or clock genes to these
interactions, in order to uncover novel therapeutic targets.

Anxiety- and Trauma-Related Disorders: In addition to evoking depressed mood, stressful
experiences can also produce feelings of anxiety or fear. Anxiety and fear are related
emotions that are often distinguished by whether one is referring to a general state of
‘heightened awareness’ that accompanies a common non-imminent threat (worry about
potential future event — anxiety) versus a specific response to an overt, actual threat (reaction
to real current event -- fear) (459). Anxiety itself can be an adaptive and can lead to
beneficial behaviors to manage threat (459). Consider the adaptive anxiety response when
walking alone down a dark alleyway in an unfamiliar part of town at night, where a
heightened sense of awareness and vigilance could be advantageous should an actual threat
materialize. In contrast, chronic feelings of anxiety in unwarranted surroundings may
manifest as an anxiety disorder in which uncontrollable anxiety impairs an individual’s
ability to manage daily tasks (16). The following section describes the relationship between
HPA axis function and anxiety-related behaviors. Since the related psychological state of
fear is generally studied in rodents by use of conditioning paradigms, research studying HPA
interactions with fear processes will be summarized within the final section which is focused
on behaviors related to learning and memory.

Association of HPA axis dysfunction with anxiety- and trauma-related
disorders in humans—Anxiety- and trauma-related disorders are extremely common,
affecting as much as 18% of the United States population each year (251, 252). The DSM-5
divides this large group of disorders into those that are anxiety-related, such as generalized
anxiety disorder, panic disorder, social anxiety disorder and phobias, versus those that are
trauma-related like PTSD (16).

PTSD is perhaps the most studied of these types of disorders, and is a condition that
develops in a subset of people after experiencing severe emotional distress and trauma. As
such, PTSD is highly prevalent in war fighters, first responders, and abuse survivors (42, 54,
468). PTSD patients face chronic, debilitating symptoms including intrusive memories or

Compr Physiol. Author manuscript; available in PMC 2020 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Packard et al.

Page 10

nightmares, such as reliving a traumatic event; increased anxiety, emotional arousal,
irritability, physiological distress, guilt, shame and hopelessness; avoidance of reminders of
trauma; memory problems; lack of interest in things once enjoyed; engagement in dangerous
behaviors; and difficulty maintaining relationships (16). In terms of the HPA axis, PTSD
appears to have a general HPA axis profile suggestive of overall HPA hypoactivity (despite
increased CRH) (23, 54, 67, 223, 231, 503, 526). For instance, many, though not all, PTSD
patients have enhanced HPA axis suppression in the dexamethasone suppression test (249,
518, 603), that is accompanied by reduced circadian glucocorticoid levels (223, 231, 323,
602-604, 606). Since the clinical research on PTSD is highly variable, readers are referred to
the Comprehensive Physiology review by Lauren Jacobson (231) as well as other reviews
(602, 604, 606) for more detailed descriptions of this complex literature.

In contrast to the trauma-related disorder PTSD, some evidence suggests that the broad class
of anxiety-related disorders is generally linked with an increase in HPA axis tone (in at least
some of these patients), and readers are again referred to the Jacobson review (231) for
additional details on this topic. However, as the broad class of anxiety-related disorders
contains several distinct psychiatric illnesses, which each have important, unique
characteristics, it is perhaps not surprising that the relationship with the HPA axis can vary
considerably among these specific disorders.

Thus, while HPA axis abnormalities are not uniform for all anxiety- and trauma-related
disorders, this is likely consistent with the heterogeneity of these broad classes of
neuropsychiatric diseases. HPA axis hyperactivity can occur in some anxiety disorders,
while PTSD may be accompanied by HPA axis hypoactivity in some patients. These
discordant observations have led to questions regarding the extent to which the HPA axis
might contribute to the development of anxiety- and trauma-related disorders in people,
particularly since many of these disorders are also highly comorbid with depressive illness
(494).

Contribution of HPA axis dysfunction to anxiety- and trauma-related disorders
in humans—As anxiety- and trauma-related disorders can be accompanied by altered HPA
axis tone in some patients, this raises the possibility that the HPA axis may be a causative
factor in the development of these disorders. Limited clinical evidence supports this idea.
For instance, natural genetic variations in HPA-regulatory genes, including CRH, CRHRL,
and FKBP5, may increase risk for developing an anxiety- or trauma-related disorder and/or
predict treatment outcomes (54, 289, 292, 504). Further, PTSD may develop preferentially in
people with low cortisol levels or an exaggerated glucocorticoid negative feedback effect
(605, 606), possibly by interfering with appropriate sympathetic responses and memory
consolidation (420, 602, 606). Taken together, these findings suggest that altered HPA axis
tone may influence an individual’s risk for developing an anxiety disorder.

Furthermore, HPA axis-based interventions may be an effective therapeutic approach if the
HPA axis contributes to the etiology of anxiety disorders. In support of this idea, treatment
with glucocorticoids may reduce symptoms in those with phobias or PTSD, as well as
reduce the likelihood of developing PTSD when administered following trauma (9, 239, 420,
421, 474, 513, 616). However, it should be noted that glucocorticoid treatment in non-
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anxious individuals (e.g., as treatment for inflammatory illnesses) can contribute to anxiety
and panic disorder occurrence (70, 250, 286, 359, 428). Taken together, these findings
indicate that it is critical to maintain an appropriate balance of HPA axis activity, as both
insufficient and excessive glucocorticoid signaling may contribute to anxiety-and trauma-
related behaviors. It should also be noted that some research has also explored whether the
specific targeting of CRH signaling might be an effective therapeutic strategy. For instance,
Zobel et al. (614) administered the CRH-R1 receptor antagonist R121919, a water-soluble
pyrrolopyrimidine with high affinity for CRH-R1 receptors, to patients with major
depression and found that patient- and clinician-rated anxiety and depression scores were
significantly improved over the course of treatment. However, treatment with the selective
CRH-R1 antagonist pexacerfont did not reduce anxiety symptoms in patients with
generalized anxiety disorder (114). Such discordant clinical findings may indicate that the
relative contribution of glucocorticoid and/or CRH signaling to anxiety varies markedly
among the disparate types of anxiety- and trauma-related disorders, and/or among various
sub-types of patients. This has further led some to speculate that HPA axis-based therapies
may need to be targeted to appropriate patient sub-groups that have the corresponding HPA
axis anomaly (231). The wide disparity among the various clinical findings underscores the
fact that it is difficult to efficiently explore the many factors that influence the development
of complex anxiety disorders through clinical research alone. As a result, preclinical
research in experimental animals has provided additional insights into the complex
relationships between stress, the HPA axis, and anxiety-related behaviors.

Anxiety-related behaviors in rodents

Common assessments of anxiety-related behaviorsin rodents. Much of the preclinical
research in rodents has been directed towards understanding the neurobiological factors/
mechanisms that regulate anxiety and its related behaviors. This work necessitated the
development of various behavioral assays intended to measure an anxiety-like state in
rodents (119) (Table 4). The most commonly used tests include:

1. Open field test: The open field test is based on the observation that rodents
display an innate avoidance of large open spaces (418). In this test, the subject
(either a rat or mouse) is placed into an unfamiliar open arena and they are
allowed to freely explore the space while their behavior is recorded (200). A low
anxiety state is inferred when the rodent spends much of their time walking
around the space, particularly the central portion of the arena (418). In contrast, a
high anxiety state is inferred when the rodent displays less exploratory
locomotion and avoids the center of the arena (418). Variations on this test
involve placing a novel object, highly-palatable food, or a conspecific in the
center of the field in order to provide a conflict between the desire to avoid open
spaces and the desire to explore the item in the center; in these procedures the
latency and time spent interacting with the central object are used as additional
indices of anxiety-related behavior (141, 200). Some anxiolytic and anxiogenic
agents either increase or decrease, respectively, exploratory behavior in the open
field (for detailed review see (418)).
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Elevated plus maze: The elevated plus maze is based on the observation that
rodents display an innate avoidance of heights and/or exposed spaces (397). This
test involves placing the subject (either rat or mouse) onto an elevated platform
that is shaped like a “+”, in which two non-adjacent arms of the “+” have walls
(enclosed arms), and the other two arms do not (open arms). The subject is
allowed to move freely through the apparatus and the resulting behavior is
monitored (397). A low anxiety state is inferred when the subject spends large
amounts of time in the open arms of the platform, and/or engages in ethological
indices of exploratory behavior (e.g., looking out over the edge of the maze)
(152, 154, 397, 547). In contrast, a high anxiety state is inferred when the subject
avoids the open arms of the platform (152, 154, 397, 547). Importantly,
performance on the elevated plus maze can be modulated by treatment with
known anxiolytic and anxiogenic drugs, which either reduce or enhance anxiety-
like behaviors, respectively (106, 265).

Startle reflex: This test is based upon an innate reflex that causes rapid and
abrupt movement (e.g., eyeblink, whole-body startle) in response to an
unexpected stimulus, such as a sudden loud noise or puff of air (88, 187). The
amplitude of the response, often measured as the magnitude of the reflexive
movement, is modulated by an individual’s emotional state such that increased
stress or anxiety potentiate this reflex (88, 187). Likewise, anxiogenic and
anxiolytic drugs modulate startle responses (129, 187, 210, 545). Notably, this
test can be used in both human and non-human experimental subjects and is
therefore a valuable link between preclinical and clinical research (187, 188).

Light-dark box test: This test is based upon the innate inclination of rodents to
prefer dark areas (117). For this test, the subject (rat or mouse) is placed into an
apparatus that contains two connected compartments — one that is dark and the
other that is well-lit. The subject is allowed to freely explore the apparatus and
behavior is recorded (117). A low anxiety state is inferred when the subject
spends large amounts of time in the illuminated compartment, whereas a high
anxiety state is inferred when they spend greater time in the dark compartment
(117). As would be expected, behavior in this test is sensitive to both anxiogenic
and anxiolytic drugs that decrease and increase time spent in the well-lit
compartment, respectively (84, 117, 253).

Collectively, these various rodent behavioral assays are routinely used in ongoing preclinical
anxiety research. Much of this work has been directed towards understanding the role that
stress and the HPA axis plays in promoting anxiety- and trauma-related behaviors.

Stress promotes anxiety-related behaviors in rodents

Acute stress paradigms: Just as stressful or traumatic life experiences increase risk for
developing an anxiety-related disorder in people, stress can also increase indices of anxiety-
related behaviors in experimental animals (Table 5). A single acute stress exposure given
prior to behavioral assessment is sufficient to increase anxiety-like behaviors. For instance,
anxiety-related behaviors are increased in the elevated plus maze test when rodents
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experience a restraint, swim, isolation, or predator stress prior to testing (for detailed review
see (266)). The anxiogenic effects of stress exposure can also persist for weeks after the
acute stress exposure (266). Likewise, the startle reflex is potentiated by prior stress in both
human and non-human subjects (187, 188). Moreover, the extent to which anxiety-related
behaviors are potentiated by a prior acute stress appears to be directly related to the overall
intensity of the stressful experience (4, 266, 335). For example, more severe behavioral
anxiety is observed following stronger stressors (5, 321, 612); when the stressor is
uncontrollable (265); or when minimal post-stress recovery times are permitted (265, 612).

Chronic stress paradigms: Given that acute stress can increase multiple indices of anxiety-
related behaviors in rodents, it is perhaps not surprising that chronic stress paradigms can
elicit similar effects. Chronic social stress, in which a rodent is repeatedly exposed to an
aggressor and recurrently experiences social defeat, can evoke anxiety-related behaviors (49,
409). This is particularly evident when behavioral anxiety is measured in subsequent social
interaction tests, in which the defeated rodent engages in fewer social interactions with an
unfamiliar conspecific (49). Similarly, when rats are given a chronic psychosocial stress
paradigm that combines occasional predator exposure with daily changes of cage mate (i.e.,
‘unstable housing conditions’), the rats spend less time in the open arms of the elevated plus
maze and have an increased magnitude of acoustic startle, suggestive of enhanced anxiety
(617).

Early life stress paradigms: Importantly, evidence from preclinical research also suggests
that stressful experiences early in life, such as prenatal and neonatal stress, can impact
anxiety-related behaviors and that these effects can persist into adulthood. For example,
adult rodents that previously experienced prenatal stress displayed increased behavioral
anxiety in the elevated plus maze and open field tests (566, 579). The type of maternal care
that neonatal rats receive can also predict anxiety-like behaviors later in life, with lower
levels of maternal care predisposing for increased anxiety in the offspring when they reach
adulthood. For instance, the adult offspring of mothers that inherently displayed low levels
of licking, grooming, and arched-back nursing spend less time exploring the central portion
of an open field and have increased latency to eat in a novel environment (79). Similarly,
repeated, prolonged maternal separation stress in early life can increase freezing behavior in
the open field test, decrease exploration of a novel environment, increase time spent in the
closed arms of the elevated plus maze, and increase acoustic startle responses — all of which
are suggestive of increased behavioral anxiety (78, 206, 227, 272). Some reports suggest that
maternal separation does not reliably increase anxiety-related behaviors (341), possibly
because a combination of stressful experiences early in life and during adulthood is more
effective at inducing anxiety. For instance, a history of neonatal maternal separation and
adult chronic restraint stress reduces time spent in the open arm of the elevated plus maze to
a larger extent than either the maternal separation or chronic restraint alone (329). These
studies suggest that early life stress can predispose an animal to an anxiety phenotype later
in life. Taken together with observations that stress during adulthood similarly modulates
anxiety end points, it follows that stressful life experiences in general can promote anxiety-
like behaviors.
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Contribution of the HPA axis to anxiety-related behaviors in rodents

Association between increased HPA axis tone and behavioral anxiety after stress
exposure: Given the clear relationship between stress and anxiety, considerable preclinical
research has been focused on exploring whether/how the HPA axis mediates the anxiogenic
effects of stress. Some of this work has been directed towards asking whether chronic stress
induces parallel changes in both HPA axis and behavioral anxiety end points. Several of the
stress—anxiety studies described in the preceding section also assessed HPA end points, and
generally found that the increased anxiety-related behaviors were associated with indices of
increased HPA axis activity. For example, while chronic psychosocial stress (i.e., occasional
predator exposure combined with unstable housing conditions) increased anxiety-related
behaviors in the elevated plus maze and acoustic startle tests, this was also accompanied by
facilitated corticosterone responses to stress, adrenal hypertrophy and thymic involution —all
indices of chronic HPA axis activation (617). Similarly, the degree of behavioral anxiety that
is induced in adult rodents that previously received prenatal stress is related to the magnitude
of their plasma corticosterone response to stress (566, 579). The anxiogenic effects of prior
neonatal maternal separation stress are also linked with indices of increased HPA axis tone.
Adult rats with a prior history of neonatal maternal separation stress had increased
expression of both CRH mRNA and immunoreactive-CRH peptide in the PVH, central
nucleus of the amygdala, BNST and locus coeruleus/parabrachial nucleus, and this was
accompanied by a higher concentration of immunoreactive-CRH in the cerebrospinal fluid
(408). CRH-R1 mRNA expression and receptor binding were also increased in the PVH and
locus coeruleus/parabrachial nucleus (408), suggesting the potential for long-term increases
in available CRH receptors. Likewise, the anxiogenic effect of receiving poor maternal care
(i.e., having a mother with inherently low levels of licking, grooming and arched-back
nursing) is associated with increased HPA axis stress responses, elevated CRH mRNA
expression in the PVH, and reduced glucocorticoid negative feedback (79, 291).
Collectively, these correlative results suggest that chronic stress could impact anxiety-related
behaviors, at least in part, via stress-induced enhancements of HPA axis tone. Such increases
in anxiety-related behaviors following stress might promote survival by reducing risk-taking
and increasing vigilance when in a dangerous environment.

Association between inherent differences in anxiety-related behaviors and HPA axis
tone: Other preclinical research has explored the relationship between the HPA axis and
anxiety by taking advantage of inherent differences in anxiety-related behaviors between
individuals. For instance, rats can be divided into those that are naturally high responding
(defined as those with the highest amount of exploratory locomotion when placed into an
unfamiliar environment) versus those that are naturally low responding (those with the
lowest amount of exploratory locomotion), such that the low responding rats resemble a
risk-aversive, high-anxiety phenotype (240). Notably, the expression of GR varies with
response status, such that low responding (high-anxiety) rats have increased GR mRNA
expression in the hippocampus that is accompanied by reduced plasma corticosterone
responses to some (e.g., the light-dark box test), but not all (e.g., restraint), acute stressors
(240, 241). High responding rats have lower GR mRNA expression in the hippocampus
(240, 241) and have higher plasma glucocorticoid levels during recovery from social stress
or restraint stress (82, 241). Taken together, this suggests that intrinsic differences in
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corticosterone—GR signaling may influence inherent anxiety-related traits. In support of this
idea, administration of a GR antagonist into the hippocampus of low responding rats (to
decrease GR signaling) increases their exploratory behavior to levels that are comparable to
the high responders, suggesting that this intervention reduced their behavioral anxiety (240).
Similar results are seen if individual differences in anxiety outcomes are explored in mice.
Selective breeding of CD-1 mice based on their performance in the elevated plus maze has
been used to generate mice that are inherently high-, normal-, or low-anxiety, with high-
anxiety mice typically having open arm times of less than 15%, normal-anxiety mice having
open arm times of 35-40%, and low-anxiety mice having open arm times of over 60% (514).
Mice that are inherently high-anxiety have higher GR mRNA expression in the PVH,
hippocampus, and pituitary, as well as higher GR protein expression (assessed by western
blot) in the PFC and amygdala (514). The high-anxiety mice also have a lower plasma
corticosterone response to acute stress, as well as lower plasma corticosterone levels in a
CRH/dexamethasone test, suggesting the possibility of increased glucocorticoid negative
feedback (514). Chronic treatment with glucocorticoids normalizes anxiety-related
behaviors in the high-anxiety mice, though this same treatment increases anxiety outcomes
in those that were originally characterized as normal-anxiety (514). When taken together,
both the research in rats and mice suggest that individuals that are prone to anxiety have
increased GR mRNA expression that is linked with reduced HPA reactivity to stress, and
that manipulation of corticosterone—GR signaling reduces anxiety measures in anxious
individuals. Of note though, the same manipulations can have opposing effects in those that
are otherwise normal-anxiety (i.e., non-anxious), suggesting that anxiety-related behaviors
can be modulated by either excessive or insufficient GR signaling. Furthermore, there are
other known stress-regulatory factors that differ between rodents that are inherently low- or
high-anxiety. For example, high-anxiety is associated with elevated CRH mRNA expression
in the PVH (240), lower CRH mRNA expression in the central nucleus of the amygdala
(240) and lower CRH-R1 mRNA expression in the pituitary (514). This suggests the
potential for additional factors, like intrinsic differences in CRH neurotransmission, to also
contribute to inherent individual differences in anxiety-like behaviors.

The strong associations between altered HPA axis stress reactivity and enhanced anxiety-
related behaviors (as described above) has led many to speculate that the HPA axis plays a
causal role in promoting anxiety. If this is the case, then one might predict that modulation
of HPA axis function at multiple levels of the axis could influence behavioral anxiety.
Research of this nature has focused largely on assessing anxiety end points after
manipulating either CRH or glucocorticoid signaling in brain.

Effect of manipulations that increase central CRH signaling on anxiety-related
behaviors: In general, experimental approaches that augment CRH actions in brain induce
both elevated HPA axis activity and behavioral anxiety. Exogenous central
(intracerebroventricular, icv) CRH administration to rats increases plasma ACTH and
corticosterone levels (141). It also suppresses exploratory behavior in a novel environment,
decreases social interaction, potentiates acoustic startle responses, and decreases open arm
time on the elevated plus maze— all of which are suggestive of increased anxiety (68, 141,
262, 381, 493, 530). Similarly, transgenic mice that overexpress CRH exhibit signs of
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chronic HPA axis activation (e.g., elevated basal plasma corticosterone, adrenal hypertrophy,
and blunted glucocorticoid negative feedback), as well as behavioral anxiety in the elevated
plus maze and light-dark box (although interpretation of anxiety-related behavior in these
mice is confounded by general locomotor deficits, and specific behavioral effects also vary
somewhat between the different CRH-overexpressing mouse lines) (191, 192, 520). Taken
together, this evidence suggests that experimental interventions that increase brain CRH
signaling can increase behavioral anxiety.

The anxiogenic effects of CRH appear to be primarily mediated via its actions at CRH-R1
since interventions that limit CRH-R1 signaling are generally anxiolytic. First, knockdown
of CRH-R1 expression in rat brain (via icv infusion of antisense oligodeoxynucleotides that
are targeted against CRH-R1) prevents the anxiogenic effects of central CRH administration
(501). Second, acute icv treatment with CRH-R1 antagonist decreases both anxiety-related
behaviors and HPA axis activity in rats (208). Similarly, treatment of adult male rhesus
macaques with the CRH-R1 antagonist antalarmin inhibits a constellation of anxiety-related
behaviors following intense social stress, such as body tremors, grimacing, teeth gnashing,
urination, and defecation, and also increases exploratory and sexual behaviors that are
typically suppressed during stress (196). Third, genetic disruption of the CRH-R1 gene in
mice decreases both anxiety-related behaviors and HPA axis activity (502, 543). Together
these results suggest that endogenous CRH neurosignaling impacts anxiety outcomes,
particularly via actions at CRH-R1. Of note, some evidence also suggests that CRH-R2 can
influence anxiety-related behaviors and is perhaps anxiogenic; readers are referred to (25)
for a detailed review of this topic.

As described in the previous two paragraphs, manipulations that alter CRH signaling
generally impact both behavioral anxiety and HPA axis activity (with increased anxiety
associating with increased HPA tone). However, the pervasive nature of CRH signaling in
stress-regulatory pathways complicates interpretation of these results. First, it is difficult to
determine the anatomical locus for the effects of CRH-based interventions on HPA end
points, since they could act directly at the level of PVH — anterior pituitary communication,
or at other brain sites that are positioned to modulate HPA axis tone indirectly. For example,
CRH appears to promote anxiety, at least in part, via actions in the limbic forebrain,
including the PFC, hippocampus, and basolateral amygdala (BLA) (354), which are each
able to indirectly influence HPA tone (560). Second, it is difficult to determine the extent to
which the anxiogenic effects of CRH depend on the HPA axis, since CRH signaling occurs
in multiple brain regions that could directly impact behavior in ways that go beyond their
ability to regulate the HPA axis. For instance, mice that are genetically-deficient for CRH
binding protein have increased anxiety-related behaviors despite normal HPA axis tone
(245), suggesting the CRH can modulate anxiety in ways that are distinct from its role in
HPA axis regulation.

Effects of manipulations that alter GR signaling on anxiety-related behaviors: In addition
to CRH signaling, preclinical research has also focused on understanding whether/how
glucocorticoids, as the primary physiological end products of the HPA axis, impact
behavioral anxiety. Much of this research has employed transgenic mouse models in which
GR has been constitutively deleted from various brain regions. Mice with a genetic deletion
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of GR throughout the nervous system exhibit decreased anxiety-related behaviors despite
having elevated circulating glucocorticoid levels, which presumably result from impaired
glucocorticoid negative feedback in brain (549) (although it should be noted that there is
also a potential contribution of developmental effects due to GR deletion early in life).
Further, a more specific constitutive deletion of GR that is limited to the limbic forebrain
(e.g., cortex, hippocampus and BLA, but not the central nucleus of the amygdala) similarly
leads to increased HPA axis responses to stress, as well as changes in some anxiety-related
behaviors (63). However, these mice display a complicated mixture of behavioral responses
in a battery of anxiety tests, including increased open arm time and locomotion in the
elevated plus maze, unaltered behavior in the open field test, and increased exploration and
time spent in the well-lit chamber in the light-dark test, suggesting that their behavior may
indicate stress-induced impulsivity or agitation as opposed to altered anxiety per se (63).
Taken together, this suggests that the loss of GR in limbic forebrain is not able to fully
replicate the anxiety effects that occur following loss of GR throughout brain, and further
implies that other brain sites may be important for glucocorticoid regulation of anxiety. One
possible candidate is the central nucleus of the amygdala, as surgical implantation of slow-
release corticosterone pellets adjacent the central amygdala increases anxiety-related
behavior in the elevated plus maze (186, 492). Notably, glucocorticoid implantation also
increases the expression of CRH mRNA in the central amygdala (492), suggesting that
glucocorticoids may enhance behavioral anxiety, at least in part, by potentiating CRH
signaling. In support of this idea, chronic corticosterone administration potentiates CRH-
induced increases in the acoustic startle response, despite having no effects on its own (282).
Lastly, some evidence suggests that glucocorticoids could also impact anxiety end points via
actions at brain MR (55, 506). Acute antagonism of MR in the hippocampus of adult male
rats reduced anxiety-related behaviors in multiple tests, including the light-dark box,
elevated plus maze, open field, and defensive burying tests, and these effects were lost
following adrenalectomy (55, 506). Thus, these results generally support the idea that
increased glucocorticoid signaling in brain promotes anxiety-related behaviors.

Summary of anxiety- and trauma-related disorders and anxiety-related
behaviors—People with a history of stressful or traumatic life experiences are at increased
risk for developing an anxiety- or trauma-related disorder. These disorders are often
accompanied by HPA axis disturbances, such that patients with some anxiety disorders show
signs of overall HPA over-activity, while patients with PTSD often have HPA hypoactivity.
This dichotomy had led to speculation that either insufficient or excessive HPA axis activity
could contribute to the development of these disorders. Some preclinical rodent research
supports each of these relationships (Table 5). On the one hand, a link between HPA axis
hypoactivity and anxiety is supported by studies exploiting individual differences in anxiety
end points. Mice identified as displaying inherently high-anxiety have lower plasma
glucocorticoids, and supplementation with exogenous glucocorticoids reduces the behavioral
anxiety of these high-anxiety mice. On the other hand, a link between HPA axis over-activity
and anxiety is supported by chronic stress studies. Chronic stress elevates both HPA axis
tone and anxiety-related behaviors in rodents, and manipulations that limit CRH and GR
signaling can reduce behavioral anxiety. Clearly, the relationship between anxiety and the
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HPA axis is complex; current work is directed towards improving our understanding of this
relationship, as well as its underlying mechanisms.

HPA axis interaction with appetitively-motivated behaviors

Overview of brain reward circuitry

Appetitively-motivated behaviors are those that are directed towards receiving a positive or
pleasurable hedonic outcome. These outcomes are often referred to as ‘rewards’ due to their
ability to motivate individuals to perform goal-oriented behavior (i.e., subjects are willing to
work to obtain them) (19, 248). Examples of rewards include those that are natural such as
tasty foods, sexual activity, and exercise (182, 185, 377, 386, 540), as well as those that are
pharmacological, such as drugs of abuse (293, 589).

A common characteristic of rewarding behaviors is that they activate the mesocorticolimbic
reward circuit. The pathway starts with the activation of dopamine-containing neurons in the
ventral tegmental area (VTA). The main mesolimbic projection of the VTA is to the nucleus
accumbens, along with projections to the septum, amygdala, and hippocampus. The
mesocortical arm of this pathway projects from the VTA to the PFC (19, 56, 480, 589). In
addition, the PFC, nucleus accumbens, and amygdala are anatomically and functionally
interconnected, which further modulates activity in this circuitry.

Some have suggested that reward can be considered as two distinct components: “wanting”
and “liking” (43, 46). Though they often appear together, they may be independently
modulated (46, 544). The wanting of a reward describes its incentive salience, or the
motivation to obtain the reward, and is associated with approach and consummatory
behaviors (46). An increase in the incentive salience or wanting for a reward will result in a
greater willingness to work to acquire that reward. For example, a rodent’s willingness to
work for a rewarding food or drug can be measured by the number of times it will press a
lever to receive it (21, 217, 437, 548), with more lever presses being considered an
indication of greater incentive salience. Neurobiologically, wanting has been linked to
activation of VTA dopaminergic projections and dopamine receptor signaling within the
mesocorticolimbic pathway (43, 45, 544, 601). For example, experimental manipulations
that increase dopamine signaling in the mesocorticolimbic circuit increase wanting for a
reward (43, 45, 46, 394, 544), while dopamine receptor antagonists decrease it (43).

The concept of “liking” involves the pleasure or hedonics associated with a reward (44).
Pleasure is often thought of as a subjective feeling, but there are objective methods that
measure how much a stimulus is liked. One such test is conditioned place preference, which
pairs a particular environment with a rewarding stimulus, then tests the extent to which that
environment is preferred compared to another that was not associated with the rewarding
stimulus (553). Another approach to measure liking is to look at affective facial expressions
in response to a stimulus, for example a preferred versus non-preferred food. Across both
animals and humans, sweet tastes like sugar will provoke particular “liking” reactions such
as tongue protrusions, while bitter tastes like quinine provoke “disliking” reactions such as
gapes (46). The neurobiological substrates that are linked to the liking of rewards include the
opioid and endocannabinoid systems (307, 395).
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In summary, appetitively-motivated behaviors include a diverse group of behaviors that are
all directed towards receiving a pleasurable or rewarding outcome. This includes the use of
pharmacological drugs of abuse, as well as engaging in naturally-rewarding behaviors like
eating highly-palatable foods. In general, engaging in these types of behaviors can impact
HPA axis activity, and HPA axis and glucocorticoid tone can in turn influence these
behaviors. These interactions are described for each particular type of appetitively-motivated
behavior in the following subsections.

Substance use disorders

An estimated 21.6 million people in the United States have a substance use disorder, and this
is associated with a total cost of over $700 billion annually (360). A substance use disorder
occurs when the repeated use of a rewarding pharmacological substance (e.g., alcohol,
tobacco, or other drug of abuse) results in marked clinical and functional impairments that
interfere with daily activities (16). The DSM-5 categorizes the most commonly abused
substances as alcohol, tobacco, cannabis, stimulants (such as cocaine or amphetamines),
opioids (including illegal opioids like heroin and prescription opioids), and hallucinogens
(16).

In preclinical research, the development of drug abuse/addiction is often classified into three
stages: initiation, maintenance, and withdrawal/reinstatement (500, 575) (although different
stage classifications are often used in clinical research (263)). Initiation refers to the initial
onset of drug-taking behaviors, while maintenance occurs once drug-taking behaviors are
established and escalate. In later stages, withdrawal occurs soon after discontinuing drug use
and is accompanied by negative physical and mental symptoms, and reinstatement is the
resumption of drug-taking behaviors following a period of abstinence. Importantly, there are
critical interactions between drug-taking behavior, stress and the HPA axis. The HPA axis is
generally activated by use of drugs of abuse, although the HPA axis effect varies with the
particular type of drug, method of administration and stage of abuse. Furthermore, stress is a
well-established factor that promotes drug use. This has led to the idea that the increased
HPA axis tone that accompanies drug use and/or stress exposure can promote continued drug
taking. The bidirectional influences between the HPA axis and drug-taking behavior are
described below, and have also been reviewed extensively elsewhere (20, 102, 238, 263, 268,
297, 314, 317, 331, 332, 404, 405, 485, 500, 521, 575).

Effect of drug use on the HPA axis

Acutedrug usein humans. Acute (i.e., single-time) use of almost all drugs of abuse
including cocaine, amphetamines, alcohol, nicotine and marijuana, acutely activates the HPA
axis resulting in increased circulating ACTH and cortisol (20, 34, 122, 204, 242, 332-334,
500, 541, 582). [Note that HPA activation by exogenous cannabinoids like marijuana
appears to be distinct from the HPA effects of physiological levels of brain
endocannabinoids, which are typically thought to blunt HPA stress responsivity (216, 348).]
Although opiates are an exception to this, as this class of drugs typically reduces plasma
ACTH and cortisol following a single use in people (14, 170, 441, 573, 613), indicating that
the endogenous opioid receptors that reside in stress-regulatory brain regions normally

Compr Physiol. Author manuscript; available in PMC 2020 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Packard et al.

Page 20

restrain HPA axis activity in humans. Table 6 provides a summary of the effects of acute
drug use on the HPA axis in humans.

Acutedrug administration to rodents. In preclinical studies, there is typically a robust
activation of the HPA axis when naive rodents are first given a drug of abuse. This includes
HPA axis activation by cocaine (72, 172, 285, 345, 407, 445, 470, 471), amphetamine (72,
260, 531), nicotine (138, 326), morphine (366, 619), ethanol (194, 264, 280, 281, 391, 436,
442, 516), and cannabinoids (236, 261, 315, 365, 419, 580, 618). As expected, the increased
HPA axis tone following drug use is generally accompanied by increased CRH tone in the
hypothalamus/PVH. For example, cocaine, alcohol, and amphetamines stimulate CRH
release from Jin vitro hypothalamic explants or primary hypothalamic cell cultures (80, 288,
332, 446). After a single acute exposure /n vivo, cocaine increases CRH mRNA in the PVH
(443). Similarly, alcohol upregulates CRH hnRNA in the PVH (444), as well as CRH-R1
mRNA in the PVH, supraoptic hypothalamic nucleus and amygdala (279). Moreover, as one
would predict, interventions that limit CRH signaling in the PVH prevent HPA axis
activation by drugs of abuse. Lesions of the PVH attenuate ACTH release after cocaine
exposure (332, 443). CRH immunoneutralization and CRH receptor antagonists can also
blunt the drug-induced HPA axis response to most drugs (13, 445, 472, 531). Likewise,
transgenic mice that lack CRH-R1 have a blunted ACTH response to alcohol (281, 446).
Taken together, it is clear that initial use of most pharmacological drugs of abuse robustly
activate the HPA axis. Table 6 includes a summary of the effects of acute drug use on the
HPA axis in hon-human experimental animals.

Mechanisms by which drug use impacts HPA axis tone: The mechanisms by which drugs
of abuse activate the HPA axis depend, at least in part, on the particular drug that is used.
Abused drugs can have direct actions in the brain by binding to related neurotransmitter
receptors in stress-regulatory brain regions, and/or by activation of the central reward
pathways. However, many abused drugs can also have direct actions in the periphery that
could induce a secondary activation of the HPA axis. For instance, cocaine activates the
sympathetic nervous system (likely through a combination of central and peripheral actions)
resulting in robust increases in heart rate and blood pressure in rats (344), and these
cardiovascular and sympathetic effects may then contribute indirectly to increased
glucocorticoid levels (93, 142-145).

The important role of contingency and “choice” in the HPA effects of drug use: It is also
important to note that the effects of acute drug use on the HPA axis can vary with whether
the drug is self-administered or experimenter-administered. For instance, while intragastric
ethanol treatment increases plasma corticosterone, HPA axis activation does not occur in rats
that voluntary ingest ethanol despite achieving equivalent blood ethanol concentrations
(264). This relationship between self- vs. investigator-administered drug and the HPA axis
has also been studied by comparing rats that are trained to press a lever in order to self-
administer a drug (i.e., response-contingent administration) to a yoked control group that is
passively receiving the same dose as the contingent group (i.e., non-contingent or response-
independent administration). In this setting, the plasma corticosterone response to cocaine is
lower after contingent self-administration relative to non-contingent controls (169). While
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another study showed that despite equivalent levels of circulating corticosterone, the
concentration of corticosterone in medial PFC microdialysates is lower when rats receive
self-administered (vs. yoked) cocaine (384). Also, HPA axis activation by contingent
nicotine administration is more transient than that produced by non-contingent
administration (138). Similarly, electrical stimulation of brain reward areas produces varying
levels of HPA axis activation and habituation depending on whether the stimulation is self-
administered. Burgess et al. (73) showed that self-administered electrical stimulation of the
VTA increased plasma corticosterone while investigator-administered electrical stimulation
did not. In contrast, Terry and Martin (542) found that both self- and investigator-
administered electrical stimulation of the lateral hypothalamic area increased plasma
corticosterone, but the response to self-administration decreased over repeated trials while
the response to passive administration did not. Collectively, this suggests that the HPA axis
response to drugs is modulated by whether the individual chooses to use the drug and/or can
control the amount and schedule of drug dosing.

Chronic drug usein humans and therelationship to the stage of addiction: Given that
substance abuse develops with repeated use of the drug, it is also important to characterize
the effects of chronic drug use on the HPA axis while considering that HPA axis effects may
vary with the stage of addiction (e.g., maintenance vs. withdrawal). Cocaine addicts have
higher ACTH and cortisol levels upon entrance to a treatment facility than controls (non-
cocaine users), with urine testing indicating recent cocaine use (570). These HPA axis
effects normalize after 15 days of cocaine abstinence (570). Moreover, people addicted to
heroin have elevated cortisol levels for up to 25 days after stopping drug use (36, 287).
Lastly, individuals that are experiencing withdrawal generally have increased HPA axis
activation consistent with the aversive emotional and physical consequences of acute
withdrawal (8, 83, 102, 209, 225, 268, 440, 500, 570). For example, individuals undergoing
cocaine withdrawal show enhanced HPA axis activity and sensitivity to stress (496, 497,
499). Likewise, alcoholics have increased resting plasma cortisol on day 1 of withdrawal/
abstinence compared to day 8 of abstinence (8). These effects of withdrawal/abstinence on
the HPA axis may depend on the amount of time since cessation of drug-taking behaviors.
After 1-3 weeks of abstinence from alcohol, alcoholic patients have lower ACTH and
cortisol responses to exogenous CRH administration than non-drinking controls, whereas
beyond 3 weeks abstinence there is no difference in HPA response between alcoholics and
non-drinking controls (7, 115). Similarly, polysubstance abusers (after an average of 5 days
abstinence) have a lower ACTH and cortisol response to CRH stimulation than non-drug
controls (110). Moreover, HPA axis responses to stress can also be decreased during
abstinence. For instance, recent smokers have a lower cortisol response to a problem-solving
task than non-smokers (551), and infants exposed to cocaine in utero have a lower cortisol
response to stress than non-cocaine exposed controls (306). Taken together, this suggests
that the use of abusive drugs impacts the HPA axis in a manner that varies with stage of
addiction, such that HPA axis tone is generally increased during chronic, ongoing drug use
and early abstinence (e.g., withdrawal), whereas HPA axis responsivity may be blunted
during sustained abstinence from some drugs of abuse. The HPA effects likely also vary with
the type of drug that is abused.
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However, it should be noted that the design and interpretation of clinical studies that
measure HPA axis indices during and after chronic drug use are complicated by several
factors. HPA axis effects may vary with the amount and frequency of past use which can be
difficult to determine in addicted patients. Also, many addicted individuals use more than
one drug, making it difficult to attribute observed HPA axis effects to any particular
substance. Given these caveats for studies using human subjects, experimental animals can
provide additional opportunities to clarify the relationship between chronic drug use and its
HPA axis effects.

Chronic drug administration in rodents. The net effect of chronic drug administration in
rodents is generally an increase in HPA axis tone that resembles a chronic stress-like state,
and in which responses to subsequent stress exposures are facilitated. For example, while
chronic morphine treatment by constant infusion of an implanted pellet does not activate the
HPA axis and reduces HPA axis responses to subsequent stressors, intermittent treatment
with escalating doses increases basal and stress-evoked levels of plasma ACTH and
corticosterone, adrenal weight and CRH mRNA in the PVH during early withdrawal
(reviewed and/or shown in (224)). Chronic amphetamine treatment increases HPA axis
responses to restraint stress (30). Chronic cocaine administration increases adrenal weight
and basal plasma corticosterone (60, 472); stress-evoked plasma corticosterone levels are
also facilitated during withdrawal/abstinence (311, 313). Similarly, chronic liquid ethanol
diet increases adrenal weight, decreases thymus weight and increases basal and/or post-
stress levels of plasma corticosterone (278, 302, 392). Although it is important to note that
most studies exploring the effects of chronic drug exposure on the HPA axis have used
administration paradigms that lack choice (e.g., using non-contingent drug administration, or
not offering a dietary choice). As the choice (or contingency) of acute drug administration
impacts HPA activation (as described above), it is possible that choice could similarly
modulate the HPA effects of chronic drug use.

Modulation of drug-taking behavior by the HPA axis

Role of stressin human drug-taking behavior at the various stages of addiction: Stress
is considered a critical factor that promotes addiction through its actions in all stages of drug
abuse. Epidemiological and clinical studies show that stressful life events increase an
individual’s likelihood of beginning drug use, and can further contribute to escalation of
drug-taking behaviors. For example, self-reports of stressful life events are associated with
an increase in both the initiation and escalation of drug-taking behaviors in adolescents and
young adults (498, 500, 588), with cumulative stress experiences predicting alcohol and drug
dependence (500, 552). Moreover, stressful events that occur early in life, such as childhood
physical or sexual abuse or the loss of a parent, increase drug use and abuse later in
adulthood (237, 364, 500, 587). Lastly, stress can impact the reinstatement of drug use
following a period of abstinence. For example, addicts who have been abstinent report
increased drug craving and anxiety during times of stress (24, 163, 500). Collectively this
research suggests that life stress is an important factor that promotes drug taking and
addiction in many patients.
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Role of stressin rodent drug-taking behavior at the various stages of addiction: Similar

results are seen in experimental animals in that stress can promote drug-taking behavior
during multiple stages of drug use. In the acquisition and maintenance phases, a variety of
types of stress are able to increase self-administration of drugs of abuse in rodents. For
example, tail pinch stress increases self-administration and locomotor sensitivity to
amphetamine (403), social isolation early in life increases oral self-administration of ethanol
(475), and immobilization stress increases self-administration of heroin (487). Furthermore,
both footshock and social stress increase self-administration of cocaine (173, 202, 340, 476)
and opioids (64, 319, 488). Stress can also promote the reinstatement of drug-seeking
behavior after a period of abstinence. Stressors such as food restriction (489), forced swim
(109), and footshock can reinstate the self-administration of cocaine, heroin and alcohol
after a prolonged drug free period ((10, 149, 277, 309, 310) and reviewed in (485)). Thus,
there is a clear relationship between stress and increased drug-taking behavior during
multiple stages of drug abuse, in both experimental animals and humans.

Contribution of the HPA axisto drug-taking behavior: The clear relationship between
stress and increased drug taking has led to a focus on understanding the mechanisms for
these stress effects. Much of this work has implicated stress-induced HPA axis activation as
an important factor that potentiates drug-taking behavior. This idea is supported by the
observation that GR is highly expressed in many of the brain regions that regulate reward
processes, including the VTA, nucleus accumbens, PFC, and amygdala (201, 258, 259, 350).
Clinical studies have also shown that the amount of ACTH and cortisol released during
stress is predictive of the amount of cocaine consumed in a relapse episode (498). As a
result, preclinical research has explored whether manipulations that limit HPA axis tone in
rodents can inhibit drug-taking during the various stages of drug use.

Effects of HPA axis manipulations on the acquisition and maintenance of drug

taking: The HPA axis plays a role in the acquisition and/or maintenance of drug-taking
behavior in rodents. For example, adrenalectomy blocks the acquisition of cocaine self-
administration and this is partially recovered by corticosterone replacement (174).
Constitutive deletion of GR in the brain of mice does not affect the initial acquisition of
cocaine self-administration, but greatly flattens the dose response curve for cocaine (133)
indicating that glucocorticoids may act in brain to maintain cocaine reinforcement.
Consistent with this idea, treatment with metyrapone, which blocks the synthesis of
corticosterone, decreases ongoing cocaine self-administration in rats that have already
acquired the behavior (174). Preclinical research has focused in part on identifying the brain
region(s) and/or neuronal phenotype(s) that are responsible for mediating the impact of GR
signaling on drug self-administration. GR specifically in reward-related brain regions may
be especially important for maintaining cocaine self-administration, as selective deletion of
GR in neurons expressing dopamine receptor 1a also flattens the dose response curve for
cocaine self-administration and reduces conditioned place preference for cocaine (15, 29).
Though the role of GR in dopamine receptor la-expressing neurons appears to depend on
the type of drug tested, as this specific GR deletion also reduces amphetamine, but not
morphine, conditioned place preference (29, 389). Glucocorticoid signaling within the
central nucleus of the amygdala is linked with alcohol intake, as administration of the GR
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antagonist mifepristone either directly into this brain region or systemically reduces alcohol
intake in alcohol-dependent rats (568). CRH neurotransmission in brain may also contribute
to the maintenance of drug use. Treatment with the CRH receptor antagonists CP-154,526,
antalarmin, or MPZP reduces cocaine self-administration in rats during maintenance (175,
515).

Effects of HPA axis manipulations on the reinstatement of drug taking: Importantly, the
HPA axis also plays a critical role in the reinstatement of drug taking following a period of
abstinence. CRH may be an important mediator of this phenomenon. The infusion of CRH
into the lateral ventricle (148, 309), BNST (151), or VTA (576) reinstates cocaine-seeking
behavior, and icv infusions of CRH reinstate both heroin and alcohol self-administration
(485, 486). Moreover, stress-induced reinstatement is prevented by interventions that limit
HPA axis activation. Cocaine reinstatement can be induced by footshock, and this effect is
prevented by adrenalectomy, and restored by replacement of corticosterone to circadian
levels (150). Ketoconazole, which can inhibit corticosteroid synthesis and act as a GR
antagonist, blocks stress-induced reinstatement of cocaine self-administration (312).
Similarly, the CRH receptor antagonists D-PHE CRF15_41 and CP-154,256 can attenuate
footshock stress-induced reinstatement for cocaine and heroin (150, 484, 485). The
activation of the HPA axis that occurs during cocaine-self administration also appears to be
important for stress-induced reinstatement. Graf et al. (183) examined this using
adrenalectomy with diurnal replacement of corticosterone to basal levels. Rats that
underwent adrenalectomy with basal corticosterone replacement before self-administration
(and thus had no cocaine-induced increases in corticosterone) acquired the behavior
normally, but footshock- and CRH-induced reinstatement was eliminated. This is compared
to rats that underwent adrenalectomy with basal corticosterone replacement after acquisition
of self-administration, which had no effect on stress- or CRH-induced reinstatement (183).

Association between HPA axis tone and the locomotor response to drug

administration: Notably, HPA axis activity is not only linked with promoting self-
administration of drugs of abuse, it is also associated with the behavioral responses that
accompany drug administration. For example, stress can increase the locomotor response to
drugs, including cocaine, amphetamine, and morphine (131, 318), suggestive of behavioral
sensitivity. Moreover, this stress-induced behavioral sensitivity can be blocked by a GR
antagonist or adrenalectomy, and the effects of adrenalectomy can be restored by
corticosterone treatment (131, 132, 318). Thus, the HPA axis appears to contribute to
multiple aspects of drug-related behaviors.

Summary of substance use disorders and drug-taking behavior—Acute and
chronic use of most drugs of abuse increases HPA axis activity in both human and rodent
studies. Furthermore, the preclinical research indicates that the extent of HPA axis activation
can be modulated by whether the individual self-administers the drug, indicating that some
aspect of choice or control of drug schedule/dosing impacts HPA axis responsivity. Stress
also increases drug-taking behavior in people and rodents, and is thought to promote the
development of substance use disorders. Preclinical studies indicate that the HPA axis
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promotes the use of drugs of abuse and likely mediates, at least in part, the impact of stress
on the initiation, maintenance and reinstatement of drug taking.

Given the clear bi-directional relationship between the HPA axis and use of pharmacological
rewards, it is of interest to explore whether a similar bi-directional relationship exists
between the HPA axis and natural rewards. As such, the next portion of this review focuses
on one of the most studied natural rewards — the consumption of highly-palatable foods.

Consumption of highly-palatable foods

Individuals eat food for a number of reasons, including physiological or homeostatic need,
as well as non-homeostatic factors such as pleasure (reviewed in (43, 47, 48, 469)). Highly-
palatable foods are those foods that are particularly tasty and are rewarding; these foods are
generally calorically-dense and high in sugars/carbohydrates and/or fats. Stress profoundly
impacts feeding behavior; it affects the total amount of food eaten, as well as the types of
foods that are chosen, with an overall effect of preferentially promoting the intake of highly-
palatable foods. At least some of these stress effects are related to increased glucocorticoids.
Moreover, the overall amount and type of food an individual eats can have differential
effects on the HPA axis and responses to stress, as described in the following sections.

Modulation of palatable food intake by stress in humans and rodents

Effect of stresson total food intake: The effect of stress on eating behavior and total
caloric intake varies between individuals, with about 35-60% of people reporting that they
eat more food during stress, while 25-40% report eating less (146, 375, 578). Moreover,
increased food intake during stress is associated with increased body weight and obesity
(284, 447), suggesting that stress is important factor promoting metabolic disease in at least
a subset of people. The divergent effect of stress on eating behaviors likely depends, at least
in part, on the type of stress. Daily life stressors, such as interpersonal relationships, work
and school, and early-life stress generally promote overeating and obesity (147, 328, 410,
457, 577), whereas immediate and direct physical threats, such as imminent combat or
surgery, tend to reduce food intake (41, 411). Similar results are observed in experimental
animals, in that social hierarchy stress often promotes hyperphagia, and increases body
weight and adiposity (33, 339, 509). In contrast, paradigms with physical stressors (e.g.,
restraint, forced swim) reduce caloric intake, body weight and adiposity (383, 559, 562).
Even the anticipation of a physical stressor will reduce food intake, as rats that have learned
to associate a predictive cue with the receipt of a subsequent shock, will reduce their food
intake when presented with the cue alone (400, 401, 430, 559) (note that this phenomenon is
the basis of some rodent models of anorexia nervosa). Individual differences also likely
contribute to the divergent effects of stress on caloric intake. For example, people who
describe themselves as ‘restrained’ or “emotional’ eaters are more prone to overeating in
response to stress (375, 457, 577). Stress also disinhibits food intake (193) and interferes
with behavioral modifications like “dieting” (reviewed in (81)). Thus, life stress clearly
promotes increased food intake in at least a subset of people.

Effect of stress on thetypes of food eaten: Importantly, stress not only affects the total
amount of food eaten — it also affects the types of food that are chosen. In people, stress
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generally promotes the choice of highly-palatable foods relative to less-tasty, more nutritious
alternatives (193, 254, 275, 328, 375, 550), and this can occur even among people who
decrease their total caloric intake (375). When rodents with a diet choice experience stress,
they generally maintain their intake of the highly palatable food (e.g. sucrose or lard) despite
decreasing chow intake (126, 160, 383, 396, 562). As a result, highly-palatable foods
represent a greater proportion of total food intake during stress. This dietary shift towards
greater palatable food intake may result, at least in part, from increased motivation to obtain
these foods. Both humans and rodents are willing to work more to obtain palatable foods
during stress (284, 396, 583), and this is associated with greater activation of reward-related
brain structures by palatable foods (456, 550). Stress also increases the conditioned place
preference for high-fat diet in rodents (98). Notably, the increased motivation to obtain
preferred foods may occur despite the presence of stress-induced anhedonia (see Depression
section above), in which stress decreases the consumption of weakly-preferred foods (e.g.,
dilute sucrose or saccharin drink), but not highly-preferred foods (e.g., concentrated sucrose
drink) (462, 562, 583). Taken together, this suggests that stress increases the ‘wanting’ and
overall intake of palatable foods, even though it may also reduce the ‘liking’ of some
palatable foods (584).

Contribution of the HPA axisto palatable food intake in rodents. Many of the effects of
stress on food intake and diet choice have been attributed to glucocorticoids. Circulating
glucocorticoid levels are positively associated with increased food intake in humans (164,
171, 536). The central administration of corticosterone or GR agonists (RU28362 or
dexamethasone) increases total food intake, as well as palatable food intake, and promotes
body weight gain in rodents (184, 539, 611). In contrast, adrenalectomy reduces both total
food intake in ad /ibiturm-fed rodents, as well as the refeeding response to a 24-hour fast (40,
134, 159, 161, 417, 508). Adrenalectomy also decreases fat and sucrose intake in rodents
that are given these foods as a dietary option (3, 40, 134, 159, 161, 508). Moreover,
replacing corticosterone or administering the GR agonist RU28362 can reverse the effects of
adrenalectomy on total food intake (89, 230, 539), while administering the MR agonist
aldosterone can restore fat intake (134, 161). GR is widely-expressed throughout
metabolism-related brain regions (201, 258, 259, 350), indicating that GR may alter food
intake via changes in the homeostatic regulation of food intake. Consistent with this idea,
glucocorticoids contribute to plastic changes in the organization of synaptic inputs in the
arcuate nucleus in a manner that is predicted to drive food intake (195). Furthermore, GR is
also expressed in reward-related brain regions (201, 258, 259, 350), and circulating
glucocorticoid levels are linked with increased consumption of the artificial sweetener
saccharin (52), suggesting that glucocorticoids may also act via promoting non-homeostatic,
reward-driven food intake.

Effect of food intake on stress and the HPA axis—HPA axis activity is profoundly
influenced by an individual’s metabolic state. Prolonged food restriction, fasting or
starvation generally increases HPA axis tone (127, 367), which likely promotes the
continued availability of energy to supply immediate metabolic needs. However, HPA axis
tone is also often increased during marked obesity with its associated metabolic disorders
(57, 58, 140, 390, 454, 535). This suggests that the HPA axis has the capacity to respond to
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gross metabolic deviations from ‘normal’ energy balance regardless of whether they are
associated with positive or negative energy balance.

Reduced HPA axistone following highly-palatable food intake: The HPA axis is also
affected by the types of food that an individual eats. As described in the preceding section,
individuals often preferentially eat highly palatable food during stress. This has led to
speculation that this behavior is a form of “self-medication’, and is so-called ‘comfort’ food
eating (125), since the consumption of these foods is linked with reduced stress responsivity.
In humans, consuming preferred foods (i.e., comfort food, chocolate) improves mood and
reduces perceived stress (139, 283, 303, 546) while also decreasing circulating
glucocorticoid levels (18, 320). Similarly, when rodents are given the option of consuming
highly-palatable foods in addition to chow, they have less behavioral anxiety (75, 342, 416,
555) and blunted HPA axis activation. These HPA axis effects include reduced expression of
CRH mRNA in the PVH (94, 162, 274, 396, 562), as well as blunted plasma ACTH and
corticosterone responses to stress (97, 103, 125, 159, 160, 162, 379, 416, 555, 562).

Role of the caloric and macronutrient properties of highly-palatable foods: Ongoing work
is determining the mechanisms by which highly-palatable foods elicit this HPA axis stress
‘relief’. Highly palatable foods have many different attributes that can be loosely divided
into two categories: metabolic factors including calories and macronutrient composition, and
non-metabolic factors including hedonics, pleasure and reward (although it should be noted
that metabolic factors can also contribute to food reward (482)). HPA axis-dampening by the
metabolic features of palatable foods have been most commonly studied in paradigms in
which rodents with free access to chow are given additional, unlimited access to one or more
highly-preferred foods (e.g., sucrose drink, lard). In these studies (39, 160, 274, 396, 523,
527), rodents eat large amounts of the preferred food(s), representing ~30-55% of their total
caloric intake. Moreover, despite reducing their chow intake by ~30-45%, total caloric intake
increases by ~10-20%, resulting in increased adiposity without changes in overall body
weight. Under these conditions, free access to sucrose drink prevents the augmented indices
of HPA axis tone (e.g., CRH mRNA expression in the PVH and plasma ACTH) that
typically accompany adrenalectomy (and its concomitant loss of glucocorticoid negative
feedback) (274). In contrast, free access to the artificial sweetener saccharin is ineffective
(274), suggesting that the metabolic consequences of sucrose ingestion are critical for
regulating HPA-axis tone in the absence of glucocorticoids. This type of unlimited, optional
palatable food paradigm also reduces HPA axis tone in adrenal-intact rodents, including
attenuated CRH mRNA expression in the PVH and reduced HPA axis hormonal responses to
acute and chronic stress (160, 396, 523, 527). Moreover, in these paradigms the degree of
HPA axis blunting has been inversely related to the amount of visceral fat, leading to
speculation that an abdominal fat-derived signal may contribute to reduced HPA axis tone
(124, 126). Recent work suggests that GR expression in the adipocyte may play an important
role in this fat-to-brain feedback (255).

Role of the pleasurable and rewarding properties of highly-palatable foods: Importantly,

the pleasurable and rewarding properties of preferred foods can also contribute to stress
‘relief’. For instance, eating highly-palatable chocolate improves negative mood in people,
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while eating unpalatable chocolate does not (303). Also, free access to saccharin drink
blunts HPA axis activation by paradoxical sleep deprivation in rodents as effectively as
sucrose drink (527). In order to further explore the mechanisms by which the pleasurable
and rewarding properties of preferred foods blunt HPA axis tone, our group has developed
and characterized a paradigm of limited sucrose intake (LSI) in rats. In this paradigm, adult
male rats are given additional brief (up to 30 min) twice-daily access to a small amount (up
to 4 ml) of 30% sucrose solution (or water as a control) in addition to ad /ibitum chow and
water (555, 562). The rats that are offered these limited sucrose ‘snacks’ rapidly begin to
drink the sucrose in amounts reaching the maximum permitted (8 ml per day with ~9
calories per day) (562). In contrast, control rats that are offered equivalent amounts of water
drink little, consistent with the fact that they maintain free access to their normal water
bottle. Rats with this LSI modestly decrease chow intake (~9 calories per day), resulting in
no effect on body weight or adiposity (562).

A history of LSI (typically for 2-4 weeks), lessens HPA axis hormonal responses to a
subsequent acute stressor (97, 555, 561, 562) and decreases CRH mRNA expression in the
PVH (562). Rats given limited saccharin (0.1%) drink showed HPA axis-dampening similar
to sucrose (555), whereas twice-daily orogastric gavage of 4 ml of sucrose did not produce
HPA axis-dampening (555). Taken together, this suggests that the post-ingestive effects of
sucrose (e.g., calories, macronutrients) are not sufficient, and furthermore indicate that the
hedonic/rewarding properties of sucrose are likely necessary. Lastly, limited intermittent
sexual activity, another type of naturally rewarding behavior, can replicate these HPA axis
effects (555). Collectively, this work indicates that the pleasurable and rewarding properties
of palatable food, as well as other types of natural rewards, can contribute to lowering the
HPA axis response to stress.

The mechanisms by which the non-metabolic properties of palatable foods blunt HPA axis
responsivity appear to involve forebrain structures that regulate both reward and stress
systems. For example, the BLA is a reward-regulatory site that is activated by palatable food
intake (355, 368, 483, 533), and also modulates HPA axis activity (53, 178, 538). Moreover,
the induction of c-fos (a marker of neuronal activation) mMRNA in the BLA following
restraint stress is reduced by a prior history of LSI (562), indicating that the BLA is well-
positioned to mediate HPA axis stress ‘relief’. Consistent with this idea, bilateral ibotenate
lesions of the BLA prevent HPA axis-dampening by sucrose relative to controls groups that
were either vehicle-injected or that had lesions that missed the BLA, despite equivalent
sucrose intake (555). In order to identify potential intra-BLA mechanisms for the HPA axis
effects of LSI, BLA mRNA expression was assessed after sucrose vs. water exposure.
Microarray analysis identified 145 genes whose expression was altered by sucrose (555).
Functional clustering analyses indicated that this collection of 145 genes was significantly
enriched in members of the intracellular calcium signaling and long-term potentiation (LTP)
pathways, suggestive of synaptic plasticity (555). Subsequent neuroanatomical studies
showed that LSI increases BLA immunolabeling for multiple markers of synaptic plasticity,
including synaptophysin, phospho-cAMP response element-binding protein (0CREB)-
positive cells, phospho-calcium/calmodulin-dependent protein kinase Il alpha (pCamKIl|I)-
positive cells, and FosB/deltaFosB-positive cells (97, 555). Collectively, this work indicates

Compr Physiol. Author manuscript; available in PMC 2020 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Packard et al.

Page 29

that HPA axis dampening by LSI may result, at least in part, from sucrose-induced plasticity
and remodeling in the BLA.

More recently, work has sought to identify brain regions that likely work with the BLA to
impart sucrose stress relief. Advanced statistical modeling approaches were applied to a
dataset that included measures of multiple plasticity indices in several stress- and reward-
regulatory brain regions (556). These procedures identified that sucrose may act via a
combination of dampening an excitatory BLA-to-medial amygdala circuit, while also
potentiating an inhibitory BNST-mediated circuit, resulting in reduced HPA activation after
stress (556). Future empirical research can now be directed towards explicitly testing
whether the implicated circuitry underlies stress relief by LSI.

Increased HPA axis tone following highly-palatable food intake: It is also important to
note that palatable food intake does not necessarily lead to reduced HPA axis tone. For
example, mice that have become obese following prolonged (6-12 weeks) ad /ibitum access
to a high fat diet have increased plasma corticosterone following restraint stress (490, 491).
Thus, the consumption of preferred foods can have opposing effects on the HPA axis that
likely depend on several additional factors. First, the HPA axis effects of palatable foods
may vary with the degree of metabolic dysfunction that accompanies the palatable food
intake. For instance, paradigms that involve prolonged, unlimited access to palatable food
produce marked obesity and increase the HPA axis response to stress (490, 491), whereas
short-term, limited access to palatable food does not alter adiposity and reduces HPA axis
tone (555, 562). In support of this idea, increased adiposity is often associated with
increased HPA axis tone (164, 276, 296, 563). Second, the HPA axis effects of palatable
foods may vary with their particular macronutrient composition. Dietary sugars and
carbohydrates may preferentially limit HPA axis tone relative to dietary fat (18, 31, 90, 97,
320, 555, 561, 562, 564). Third, the valence of the HPA axis effects may be influenced by
whether paradigms include an aspect of dietary choice. For example, rats that are allowed to
choose between two foods (chow and highly-palatable lard) exhibit reduced HPA axis
responsivity, whereas eating the same ratio of lard/chow without choice (e.g., the foods are
mixed together) does not blunt HPA axis responses (160). Thus, the HPA axis effects of
palatable food intake, and perhaps other types of naturally rewarding behaviors, likely
depend, at least in part, on several contextual factors (Figure 2).

Summary of feeding behavior and the consumption of preferred foods—In
summary, stress can have a significant effect on feeding behavior by altering the total
amount eaten, as well as the types of foods that are chosen. Stress generally promotes the
intake of highly-palatable foods relative to less-palatable (and highly-nutritious) foods, and
at least some of this effect has been linked with glucocorticoids (Figure 3). Moreover, the
overall amount and type of food an individual eats can have differential effects on the HPA
axis (Figure 2). Eating small amounts of highly-palatable foods (particularly carbohydrates)
in the context of a dietary choice reduces HPA axis tone. Though eating large amounts of
highly-palatable foods (particularly lipids) without a dietary choice generally leads to
positive energy balance (e.g., obesity) and elevated HPA axis tone.
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HPA axis interaction with learning and memory

Overview of learning and memory

Learning and memory is a multi-step process that involves: (1) the acquisition of new
information, (2) the consolidation or storage of the information, (3) the retention or
preservation of the information over time, (4) the retrieval or recall of the information,
and/or (5) the extinction or loss of the previously learned information (118, 243, 244, 380,
467). Learning and memory processes play a critical role in shaping behavior, and can be
profoundly influenced by stress and the HPA axis. Preclinical research in experimental
animals has provided critical insights into the complex relationships between stress, the HPA
axis, and learning and memory.

Common assessments of learning and memory in rodents—A number of
behavioral tests have been developed to measure various types of memory in rodents,
including, associative, spatial, and working memory (Table 7). The most commonly used
tests include:

1.

Eyeblink conditioning: This test is a form of classical conditioning that is used to
test associative memory. In this test a neutral stimulus (either a visual or auditory
cue; the conditioned stimulus (CS)) is paired with an eyeblink-eliciting stimulus
(e.g., a puff of air directed at the eye or a periorbital shock; the unconditioned
stimulus (US)) (50, 51, 495, 596). Initially the receipt of the US is followed by a
reflexive unconditioned eyeblink response (UR). However, after repeated
pairings of the CS and US, the subject learns to associate the CS and US, and
begins to make a conditioned eyeblink response (CR) prior to, and even in the
absence of, the US (50, 51, 495, 596). Performance in this test is measured as the
percentage of CS-US trials that elicit a CR (50, 51). Acquisition can be assessed
by measuring the CR during initial CS-US pairings. Once the CR is established,
retention can assessed by measuring the CR after a prolonged post-training delay,
and extinction can be assessed by measuring the CR following CS-alone training
(i.e., no US is given). The eyeblink conditioning test can be performed in both
rodent and human subjects ((165, 199, 290, 322) and see references above).

Fear conditioning: This test is another form of classical conditioning that
assesses associative memory. In this test, a neutral cue (a visual or auditory tone
or a particular environmental context; the CS) is paired with the receipt of an
aversive event (e.g., a footshock; the US) (112, 113, 153). After pairing of the
CS-US, rats and mice begin to make a CR (e.g., freezing behavior in which
movement is limited to that needed for respiration) in response to the CS (112,
113, 153, 235). Performance in this test is typically measured as the amount of
time spent freezing (the CR) in response to CS, with more time spent immobile
being considered as greater fear memory (112, 113, 153, 235). Fear conditioning
is often used to study the mechanisms underlying the consolidation, retention
and extinction of fear memory (112, 113, 153, 466).

Morris water maze: This behavioral test is used to study spatial memory in
rodents (353). In this test, the subject is placed into a large circular pool (that is
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typically filled with opaque water) and must find a hidden escape platform that is
located in a fixed position (65, 121, 353). Through repeated trials, rodents learn
to use distal spatial cues to locate the platform when starting from different
(random) locations in the pool (65, 353). The simplest and most common
measure of performance during testing is the latency to escape, but directionality,
path length, and time spent in each quadrant can also be used as indices of spatial
learning (65, 121, 353).

Radial arm water maze: This behavioral test is used to measure spatial working
memory in rodents. The apparatus consists of a circular pool with internal walls
that are placed to form several (typically 4, 6 or 8) arms that radiate from an open
central compartment (136, 228, 398, 597). Similar to the Morris water maze, the
subject must find a hidden escape platform that is located at the end of one of the
arms (i.e., the goal arm). Subjects are given multiple acquisition trials each day
(keeping the platform location fixed on a given day; but changing the platform
location across days) and retention is tested after a brief delay. The number of
incorrect arm entries is used as an index of learning and memory, with fewer
incorrect entries being considered as improved memory performance (136, 228,
398, 597).

Delayed alternation T-maze: This test is designed to measure working memory in
rodents (32, 453, 609, 610). The testing apparatus consists of a starting arm/
runway that has two test arms on either side of its far end (forming a “T” shape).
Subjects are typically food-restricted, and are tested over multiple trials. In the
first trial, both arms of the maze are baited (with a small food reward like a
chocolate morsel) and the subject chooses to enter one of the arms and consumes
the food reward. After a variable delay, the subject is returned to the maze and it
must remember to enter the other (alternate) arm in order to receive a food
reward (32, 453, 609, 610). The proportion of correct responses is used as an
index of working memory (32, 453, 609, 610).

Collectively, these various rodent behavioral assays are routinely used in ongoing preclinical
learning and memory research. Much of this work has been directed towards understanding
the impact of stress and the HPA axis on learning and memory processes.

Modulation of learning and memory by the HPA axis

Evidence that stress and glucocorticoids promote memory processes—There
have been extensive studies showing that stress and glucocorticoids have robust effects on
learning and memory, with mild stress generally promoting memory processes (12, 111,
461, 463, 464). Moreover, at least some of this memory enhancement appears to be
mediated by the elevated glucocorticoids that accompany stress exposure. For instance,
performance in the Morris water maze test is enhanced (i.e., faster rate of acquisition and
improved retention) by lowering the water temperature from 25°C to 19°C, a manipulation
that also elevates plasma corticosterone (463). Moreover, this spatial memory improvement
can be replicated by direct administration of corticosterone immediately after training in
25°C water (463). Spatial memory is impaired by the GR antagonist RU-38486, as well as
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by reducing corticosterone levels via either metyrapone treatment or adrenalectomy (12,
108, 372, 450, 565). Fear conditioning (in which rodents learn to associate an aversive event
like footshock with either a cue or a context (112, 113, 153)) shows a linear relationship
between the intensity of the shock (the stressor) and the strength of the fear memory (112,
338, 464). This was again shown to be mediated by the HPA axis, as administering
corticosterone post-training can dose-dependently enhance fear memory (113, 226, 433),
and since both inhibition of corticosterone release and GR antagonism reduce fear memory
(111, 158). Eyeblink conditioning is also enhanced by stress, but only if the stressor is of
high intensity; glucocorticoids are again necessary for this effect (50, 51, 495, 596).
Furthermore, working memory in a T maze task is impaired by adrenalectomy, and this
impairment can be rescued by corticosterone replacement (343). These effects are at least in
part mediated by signaling at GR, as mice with mutations in GR that render either the entire
receptor (371) or the DNA-binding domain of GR (373) dysfunctional have impaired spatial
memory. Thus, moderate levels of glucocorticoids, either from an acute stress or from
pharmacological interventions, can improve some types of learning and memory in rodents,
while loss of glucocorticoid signaling prevents the enhancing effects of stress.

Evidence that stress and glucocorticoids impair memory processes—It must be
noted that other research has shown that stress and glucocorticoids can inhibit memory
processes in some situations. For example, while lowering water temperature from 25°C to
19°C improves spatial memory performance in the Morris water maze, further lowering it to
16°C impairs performance (461). Several studies have shown that stress or pharmacological
manipulations that increase glucocorticoids can impair spatial memory in rodents (32, 135,
136, 422, 452, 453, 465, 597) and humans (349, 370, 378, 448, 478, 479, 537, 590, 591),
while other studies have found that stress improves working memory performance (608,
609).

Factors contributing to the diverse effects of stress and glucocorticoids on
memory processes—Several important factors contribute to the diverse effects of stress
and glucocorticoids on memory (Figure 3). First, the effect may depend on the timing of the
memory testing relative to stress/glucocorticoid exposure. Experiments that test memory
relatively soon (~30-60 minutes) after stress exposure generally observe memory
impairments (135, 136, 422, 452, 465, 597), whereas those that test memory after a longer
delay (~4-24 hours after stress) generally see memory improvements (608, 609). Second, a
“dose” relationship between glucocorticoids and memory has been described as an “inverted
U shaped” function (234, 257, 300, 464). That is, a brief, moderate increase in
glucocorticoid levels can improve at least some types of learning and memory, while higher
and/or prolonged increases in glucocorticoid concentrations can be detrimental. Third, the
effect of stress/glucocorticoids may depend on the type and/or stage of memory.
Glucocorticoids may particularly enhance memory of emotionally-salient stimuli relative to
some other types of memory (2, 71, 77, 374, 438, 450, 451). Alternatively, glucocorticoids
may preferentially enhance learning/acquisition of memories while impairing retrieval ((32,
107, 433, 434, 467, 595) and reviewed in (452)).
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Mechanisms by which glucocorticoid signaling alters learning and memory—
Importantly, the molecular mechanisms by which glucocorticoid signaling impacts learning
and memory processes are the focus of much research. Glucocorticoids alter glutamatergic
neurotransmission, which is critically important for memory processes (reviewed in (415)).
Glucocorticoid signaling at GR can activate the MAPK pathway leading to increased
glutamate release (433, 434), and this signaling cascade is necessary for stress-induced
facilitation of memory (433, 434). Moderate levels of glucocorticoids can also facilitate the
trafficking of AMPA glutamate receptors to the cell membrane, which may promote memory
acquisition and consolidation (107, 190, 270, 467). In contrast, high levels of
glucocorticoids are associated with endocytosis of AMPA receptors from the cell membrane,
and this may contribute to the impairing effects of high glucocorticoid levels on memory
(467, 595). Lastly, glucocorticoids increase the expression of common cell adhesion
molecules, such as N-cadherin, NCAM, and L1, in the hippocampus and prefrontal cortex;
these cell adhesion molecules can support memory consolidation by increasing dendritic
spines and promoting synapse stability (294, 338, 460, 465, 466, 569).

Effects of learning and memory on the HPA axis

Since a primary purpose of the HPA axis response to stress is to evoke appropriate
physiological responses to promote survival during stress, there is clear benefit for an
individual to be able to learn to predict stressors so that the brain can pre-emptively activate
the HPA axis. Thus, during exposure to aversive or stress-inducing stimuli, animals readily
learn to associate predictive cues with the subsequent onset of stress exposure (US). During
this conditioning process, the predictive (CS) stimulus begins to elicit a conditioned HPA
axis response, presumably in anticipation of the forthcoming stressor.

Conditioned activation of the HPA axis by an aversive US—Some of the earliest
work showing conditioned activation of the HPA axis employed a conditioned taste aversion
paradigm. In this model, rats are exposed to a novel tastant (e.g., saccharin drink) that is
followed by administration of a drug that induces visceral illness (e.g., lithium chloride).
Later when these same rats are water-restricted (to increase motivation to drink) and given
saccharin drink instead of water, there is a conditioned increase in plasma corticosterone
relative to rats that are given water, or rats that are given saccharin drink that was not
previously paired to lithium chloride administration (e.g., non-conditioned) (6, 211).
Conditioned HPA axis activation is also observed with the conditioned fear paradigm, one of
the most studied models of classical conditioning to an aversive stimulus. As summarized in
the preceding section, in this paradigm rats are either placed into a shock box for subsequent
receipt of a footshock (contextual conditioning to shock box), or rats are given a discrete
signal (either tone or light cue) paired with a shock. Upon re-exposure to either the context
(e.g., shock box) or cue that was previously paired with shock, there is a conditioned
increase in plasma corticosterone (104, 130, 198). Similarly, in the conditioned shock probe
burying test, re-exposure of rats to a non-electrified shock probe after previously receiving a
shock from the probe is accompanied by an increase in plasma corticosterone (267).

Several of the brain regions known to regulate the HPA axis are also heavily implicated in
learning and memory processes, including the hippocampus, central amygdala and BNST
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(505, 528, 592). So it is not surprising that these same brain regions are important for
conditioned HPA axis responses. HPA axis activation by conditioned taste aversion is
prevented by hippocampal lesion (505), while HPA axis activation by conditioned
(contextual or tone) footshock is blocked by lesion of the central amygdala (528). Moreover,
lesions of the BNST prevent corticosterone responses to contextual, but not tone,
conditioning purportedly due to connections between the BNST and the hippocampus, a
structure that is critical for contextual conditioning (528).

Conditioned activation of the HPA axis by an appetitive US—Just as associations
are readily formed between predictive cues and aversive stimuli, so too are associations
between predictive cues and appetitive or rewarding stimuli. When the appetitive stimuli are
drugs of abuse, such as cocaine, heroin or nicotine, predictive cues elicit conditioned
activation of the HPA axis (74, 76, 128, 572). When the appetitive stimuli are natural
rewards, such as presentation of food or water to deprived rats, the conditioned responses are
more complex. For example, food- and/or water-restricted rats can be trained to receive food
or drink in a particular context, at particular times of day, or after performing a particular
task. In these instances, there is generally an elevation of plasma ACTH and corticosterone
prior to receipt of the food/drink (i.e., “anticipation’) and a rapid reduction in these
hormones upon refeeding or drinking (59, 105, 449). If instead food and drink are not
provided as expected, then there is a further increase in HPA axis activation (i.e.,
“frustration’) (59, 105, 247, 449, 477).

Summary of learning and memory processes—In summary, the effects of stress and
glucocorticoids on learning and memory are complex, and multiple factors influence this
relationship. These factors likely include: the particular type of memory (e.g., working,
explicit, emotional, etc.); the stage of memory (e.g., acquisition, consolidation or retrieval);
the age and sex of the subject; the timing, intensity, and nature of the stress; and/or the
timing and magnitude of glucocorticoid signaling. Readers who would like additional details
about the relationship between glucocorticoids and memory are directed to a number of
excellent reviews that focus on this complex topic (155, 233, 257, 270, 299, 464, 467, 592).
Moreover, it is important to consider that the relationship between glucocorticoids and
memory is reciprocal, such that learning and memory processes can correspondingly impact
HPA axis function, through the conditioning of HPA axis responses to aversive or appetitive
us.

Summary and Perspectives

HPA axis interactions with aversely-motivated behaviors

The HPA axis is generally activated when internal or external (environmental) conditions
deviate from the norm or the expected, resulting in increased circulating glucocorticoid
levels. Glucocorticoids can then act in brain to shape behavior (as reviewed above). For
instance, when a stressor or threatening situation is experienced, animals display increased
depression-like (e.g., behavioral despair, allodynia) and anxiety-related (e.g., less
exploration and risk-taking) behaviors. These stress-related behaviors are likely adaptive.
Consider for example an animal that ceases exploration and instead hides in its burrow when
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a predator is in the vicinity. The elevated glucocorticoids that accompany the predator/
stressor exposure likely contribute to and reinforce such self-protective behaviors. Moreover,
excessive or prolonged increases in glucocorticoid levels, as occurs during chronic and/or
severe stress, can promote long-term increases in stress-related behaviors. While these long-
term behavioral adaptations could be protective if the stressor is ongoing, they may also
predispose for the development of a stress-related neuropsychiatric condition (e.g.,
depression, anxiety- and trauma-related disorders), in which behavioral and mood
disturbances interfere with an individual’s ability to live a normal life (101, 231, 256, 327,
387). In addition, insufficient HPA axis responses to stress or trauma have also been linked
to the development of some stress-related disorders (176, 231, 602, 604, 606) suggesting
that either insufficient or excessive glucocorticoid tone can contribute to the
pathophysiology of these diseases. Consistent with this idea, treatments for stress-related
disorders often alter HPA axis activity, and these HPA effects may contribute to their
therapeutic efficacy. Current research is exploring the mechanisms by which the HPA axis
activity influences depressive and anxiety-related behaviors, including exploring the role of
CRH and glucocorticoid signaling in brain, as well as the involvement of synaptic plasticity,
epigenetic regulation and circadian/clock gene regulation.

HPA axis interactions with appetitively-motivated behaviors

The HPA axis also plays an important role in the regulation of appetitively-motivated
behaviors. The use of drugs of abuse can acutely and chronically activate the HPA axis,
while stressful life events that increase HPA axis output can promote drug-taking behavior.
This is thought to be an important factor that contributes to the cycle of drug addiction. In
contrast, the interaction between stress and the natural reward of highly-palatable food
intake appears to be more complicated. For example, the impact of stress on palatable food
intake varies with the type, intensity and predictability of the stressor. Moderate intensity
and/or socially-related stress are most strongly linked with increased motivation to eat
highly palatable foods, whereas anticipation of an imminent, intense stress is more strongly
linked with anhedonia. In turn, depending on various factors, including the amount and type
of palatable food offered and the availability of dietary choice, the intake of palatable foods
can either blunt HPA axis responses to stress (a concept often thought of as stress relief by
“comfort” foods) or elevate HPA axis tone (e.g., during marked obesity). Current research is
focused on understanding how glucocorticoids impact brain reward processing, as well as
understanding how altered brain reward pathways impact HPA axis function.

HPA axis interactions with learning and memory

Another important aspect of behavior is the ability to acquire and remember new knowledge
in the process of learning and memory, and these cognitive processes also have important
interactions with the HPA axis. First, HPA axis responses can be conditioned to a previously
neutral stimulus when paired with an aversive (or appetitive) stimulus that itself can cause an
HPA response. Mechanistic studies have implicated the hippocampus, BNST, and amygdala
in the conditioning of HPA axis responses (505, 528, 592). Second, the HPA axis can
reciprocally influence learning and memory processes in a manner that seems to vary with
the extent of HPA axis activation, as well as the type and stage of memory. Investigation of
the mechanisms by which the HPA axis exerts cognitive effects has revealed that
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glucocorticoids modulate synaptic glutamatergic neurotransmission in brain regions that
regulate learning and memory processes (107, 190, 270, 433, 467, 595).

Significance of HPA axis interactions with these diverse types of behaviors

At first glance, the fact that the HPA axis can be activated by both aversive and rewarding
stimuli, and can act to promote both aversely-motivated (depression-like, anxiety-related,
conditioned fear, etc.) and appetitively-motivated (use of drugs of abuse, consumption of
highly-palatable foods, conditioned place preference, etc.) behaviors, may seem to be a
paradox. What is the adaptive significance of having a common mechanism (the HPA axis)
for increasing seemingly opposite types of behavior? One possible explanation is that HPA
axis activation does not inherently signal the valence of an internal or external stimulus (i.e.,
good/rewarding vs. bad/threatening), but rather signals the magnitude of the stimulus (i.e.,
very good/very bad vs. modestly good/modestly bad). This would imply that the HPA axis is
well-positioned to reinforce a variety of behaviors in the face of extreme circumstances. For
example, while stress-related behaviors accompany exposure to stress/threats, robust
activation of the HPA axis during severe and/or unexpected threats can further promote these
behaviors, thereby aiding survival (as described above). By this same reasoning, while
appetitively-motivated behaviors accompany rewarding stimuli, activation of the HPA axis
by large and/or unexpected rewards (like drugs of abuse) or stress can further stimulate these
rewarding behaviors. This arrangement may be particularly helpful during times of scarcity,
where glucocorticoids can act in brain to promote the consumption of highly-palatable,
calorically-dense foods in a sparse environment (126, 254, 275, 396, 550, 563). However, it
may be maladaptive in a modern environment where access to food (and drugs of abuse) is
plentiful and daily-life stress is commonplace, and could thus contribute to the development
of obesity and substance use disorders.

Conclusion

The HPA axis plays an important role in modulating behavior (Figure 3). More specifically,
the HPA axis can promote depressive-like and anxiety-related behaviors in aversive
circumstances, increases the motivation to obtain rewards in appetitive circumstances, and
improves aspects of learning and memory. Taken together, this suggests that a primary role
of the HPA axis may be to strengthen the behavioral outcomes that are most appropriate for
a particular situation. Furthermore, engaging in these types of behaviors has reciprocal
effects on HPA axis activity that can then feedback to further influence behavior. Lastly, as
the HPA axis is strongly impacted by stressful experiences, this scenario provides an
important avenue for stress to have broad effects on multiple aspects of behavior. Ongoing
research into the neurobiological mechanisms underlying these relationships will greatly
improve our understanding of the functional links between stress, the HPA axis and
behavior.
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Sc%emagic summarizing the organization of the hypothalamic-pituitary-adrenocortical (HPA)
axis. Upon activation, neurons in the paraventricular nucleus of the hypothalamus (PVH)
release corticotropin releasing hormone (CRH) and other releasing factors into portal
circulation. These releasing factors act on the anterior pituitary to stimulate the release of
adrenocorticotropin hormone (ACTH) into systemic circulation. ACTH acts on the adrenal
cortex to stimulate the release of glucocorticoids (GCs; cortisol for people and
corticosterone for rodents) into the bloodstream. Additionally, the glucocorticoids exert
negative feedback effects at the level of the brain/hypothalamus and anterior pituitary to
constrain further HPA axis activity.
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Figure 2).

Consumption of highly-palatable foods has opposing effects on hypothalamic-pituitary-
adrenocortical (HPA) axis activity depending on the particular conditions surrounding the
food intake. Eating small amounts of highly-palatable foods (particularly carbohydrates) in
the context of a dietary choice reduces HPA axis tone. In contrast, eating large amounts of
highly-palatable foods (particularly lipids) without a dietary choice generally leads to
positive energy balance (e.g., obesity) and elevated HPA axis tone.
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Figure 3).

Stress impacts most aspects of behavior, and the hypothalamic-pituitary-adrenocortical
(HPA) axis is well-poised to mediate much of these stress effects. For example, HPA axis
activation is linked with promoting aversively-motivated behaviors, appetitively-motivated
behaviors, and learning and memory processes. In turn, when individuals respond to
particular internal or external stimuli by evoking one of these various behaviors, HPA axis
activity is also impacted. Other abbreviations shown on figure: ACTH — adrenocorticotropin
hormone, CRH - corticotropin releasing hormone, GCs — glucocorticoids, GR —

glucocorticoid receptor signaling.
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Table 1.

List of abbreviations

ACTH - adrenocorticotropin hormone

BLA - basolateral amygdala

BNST - bed nucleus of the stria terminalis

CMS - chronic mild stress

CRH - corticotropin releasing hormone

CRH-R1 - type 1 CRH receptor

CRH-R2 — type 2 CRH receptor

CR - conditioned response

CS - conditioned stimulus

CVS — chronic variable stress

DSM-5 — Diagnostics and Statistical Manual of Mental Disorders version 5
FST - forced swim test

GR - glucocorticoid receptor

HPA axis — hypothalamic-pituitary-adrenocortical axis

icv — intracerebroventricular

LSI — limited sucrose intake

LTP — long-term potentiation

MAOI — monoamine oxidase inhibitor

MR — mineralocorticoid receptor

pCamKI| -- phospho-calcium/calmodulin-dependent protein kinase Il alpha
pCREB -- phospho-cAMP response element-binding protein
PFC — prefrontal cortex

PTSD - posttraumatic stress disorder

PVH - paraventricular nucleus of the hypothalamus

SAM - sympathomedullary branch of the autonomic nervous system
SCN — suprachiasmatic nucleus of the hypothalamus

SNP - single-nucleotide polymorphism

SSRI - selective serotonin reuptake inhibitor

SPT - sucrose preference test

TCA - tricyclic antidepressant

TeCA - tetracyclic antidepressant

TST - tail suspension test

UR - unconditioned response

US — unconditioned stimulus

VTA - ventral tegmental area
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Table 3.

Summary of rodent studies exploring the link between the HPA axis and depression-like behavior. In general,
manipulations that increase HPA axis tone promote depressive behaviors, whereas manipulations that limit
HPA axis tone reduce or prevent them. FST = forced swim test; SPT = sucrose preference test; CRH =
corticotropin releasing hormone; GC = glucocorticoid.

HPA manipulation Test Behavioral References
Outcome

L . R FST | 1 immobility (137, 168, 381)
Increased CRH or GC signaling (Receptor agonist, transgenic mice) SPT | I sucrose intake | (181)
Chronic stress-induced increases in CRH and GC signaling (Homotypic or FST | 1 immobility (1,197, 271, 351, 352, 409, 534)
heterotypic stress paradigms) SPT | ! sucrose intake | (197, 215, 347, 409, 534, 585, 586)
Reduced CRH or GC signaling during/after chronic stress (Receptor FST | | immobility (511, 567, 600)
antagonists, adrenalectomy) SPT | *sucrose intake | (181,599)
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Summary of rodent studies exploring the link between the HPA axis and anxiety-related behaviors. In general,
manipulations that increase HPA axis tone promote anxious behaviors, whereas manipulations that limit HPA
axis tone reduce or prevent them. OFT= open field test (includes interaction tests); EPM= elevated plus maze;
STR= startle reflex; LDB= light-dark box; CRH = corticotropin releasing hormone; GC = glucocorticoid.

HPA manipulation Test Behavioral References
Outcome
Increased CRH or GC signaling (Receptor OFT | ! open exploration (68, 141, 192, 262, 381, 520)
agonist, transgenic mice) EPM | | open exploration (141, 186, 192, 492, 520)
STR | 1 magnitude (141, 262, 282, 381, 530)
LDB | { light exploration (168, 192, 381, 514)
1 light exploration (514)
(only in animals that are inherently high-
anxiety)
Acute stress-induced increases in CRH and GC OFT | { open exploration (1, 566, 579)
signaling (diverse stressors) EPM | | open exploration (5, 266, 321, 335, 566, 579, 612)
STR | * magnitude (187)
LDB | ! light exploration (579)
Chronic stress-induced increases in CRH and GC OFT | ! open exploration (49, 207, 272, 409)
signaling (homotypic and heterotypic stress EPM | | open exploration (227,272, 617)
paradigms) STR | 1 magnitude (207, 227, 272, 617)
Reduced CRH or GC signaling during/after OFT | * open exploration (240, 501, 543, 579)
chronic stress (or in animals that are inherently EPM | 1 open exploration (63, 208, 262, 501, 502, 549,
high-anxiety) (Receptor antagonists, STR | ! magnitude 579)
adrenalectomy, transgenic mice) LDB | * light exploration (262)

(63, 502, 543, 549)
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The impact of acute exposure to a drug of abuse on HPA axis activity. The studies in non-human experimental
animals assessed the HPA effects of a single, first-time drug exposure. However, for the studies in human

subjects, prior drug exposure varied based on each study’s inclusion criteria.

Effect on
Drug of abuse Species HPA axis Literature References
activity
Amphetamine  Rat 0 (260, 531)
Human 1 (242)
Cocaine Rat 0 (61, 72, 285, 345, 407, 445, 470, 471)
Rhesus monkey 0 (473)
Human 0 (34, 204, 333, 541)
Ethanol Rat 0 (194, 264, 280, 391, 436, 442, 516)
Mouse 0 (281)
Nicotine Rat 1 (138, 326)
Human 0 (334, 582)
Opioid Rat 0 (232, 366, 619)
Human l (14, 170, 441, 613)
Cannabinoid Rat 1 (229, 261, 315, 419, 580, 618)
Mouse 0 (236, 365)
Human 1 (122)
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Behavioral tests that are commonly used to assess learning and memory in rodents. CS = conditioned
stimulus; US = unconditioned stimulus.

water

. Type of Indicator of
B(;hg\éliornil Description memory learning/memor References
paradig tested y
Eyeblink Rodents or humans learn to associate a Associative Percentage of CS-US (50, 51, 495, 596)
conditioning predictive cue (CS) with an eyeblink-eliciting trials that elicit a
stimulus (US) conditioned eyeblink
response
Fear conditioning Rodent learns to associate a predictive cue or Associative Amount of time spent in a (112, 113, 153,
context (CS) with an aversive stimulus (US) conditioned freezing 235)
response
Morriswater Rodent learns to find a hidden escape platform Spatial Time to escape, path (65, 121, 353)
maze that is located in a fixed position in a pool of length

Radial arm water

Rodent learns to find a hidden escape platform

Spatial working

Number of incorrect arm

(136, 228, 398,

maze that is located at the end of one of the maze memory entries 597)
arms.
Delayed Rodents must remember which arm was Working Proportion of correct (32, 453, 609, 610)
alternation T- entered in the most recent trial and then enter memory responses
maze the opposite arm
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Effects of glucocorticoid manipulations on performance in rodent learning and memory tests. GR=

glucocorticoid receptor.

Glucocorticoid Test Effect on Literature
Manipulation Performance References
Reduced GR signaling (blocking synthesis, GR antagonism, Morris water maze v (12, 108, 371-373, 450, 565)
GR genetic inactivation) Fear conditioning 1 (111, 158)
Eye blink conditioning | (50, 51, 495,
596)
Moderate increase during or directly after training (either Morris water maze t (107, 353, 463)
stress- or pharmacologically-induced) Fear conditioning t (113, 338, 433,
Eye blink conditioning 0 464)
(50, 51, 495,
596)
Large increase during training or before testing (severe stress- Morris water maze 1 (135, 136, 422,
or pharmacologically-induced) Fear conditioning { 452, 461, 465,
Radial arm water maze v 597)
Delayed alternation T-maze i (595)
Delayed alternation T-maze t (135, 136, 597)
(32, 453)
(608, 609)
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