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The normal function of the hypothalamic-pituitary-adrenal (HPA) axis, and resultant glucocorticoid (GC) secretion, is essential
for human health. Disruption of GC regulation is associated with pathologic, psychological, and physiological disease states
such as depression, post-traumatic stress disorder, hypertension, diabetes, and osteopenia, among others. As such,
understanding the mechanisms by which HPA output is tightly regulated in its responses to environmental stressors and
circadian cues has been an active area of investigation for decades. Over the last 20 years, however, advances in gene
targeting and genome modification in rodent models have allowed the detailed dissection of roles for key molecular mediators
and brain regions responsible for this control in vivo to emerge. Here, we summarize work done to elucidate the function of
critical neuropeptide systems, GC-signaling targets, and inflammation-associated pathways in HPA axis regulation and
behavior, and highlight areas for future investigation.
Neuropsychopharmacology Reviews (2016) 41, 245–260; doi:10.1038/npp.2015.215; published online 12 August 2015
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INTRODUCTION

It has been known since the mid 1800s that loss of adrenal
function in primary adrenal disorders results in mortality
(Addison’s disease), if untreated. Excessive adrenal function
arising from pituitary or adrenal tumors also leads to
substantial morbidities such as obesity, muscle weakness,
glucose intolerance, and mood disorders (Cushing’s
Syndrome) (Wilson, 1992). The relation of adrenal responses
to stress—with stress reflecting deviations from normal
organismal physiological or psychological set points—demon-
strated more common, equally important, functions for the
hypothalamic-pituitary-adrenal (HPA) axis in the general
adaptation syndrome (Selye, 1936). Abundant research over
the last half century has further recognized the strong
association of dysregulation of HPA axis activity with
psychiatric disorders such as PTSD, depression, and anxiety
disorders (Fries et al, 2014; Kinlein et al, 2015; Naughton et al,
2014). These consequences of altered HPA function arise as a
result of both altered glucocorticoid (GC) secretion affecting
CNS and peripheral targets, and dysregulation of neuropep-
tides involved in mediating the stress response through their

actions on limbic and other brain regions. Understanding the
precise regulation of adrenal activity by CNS and peripheral
signals and optimally, matching adrenal response duration
and amplitude with stimulus, or stressor, intensity, has been a
focal point for neuroscientists and endocrinologists. The
ability to unravel the specific neural circuits involved in HPA
responses and behavioral outputs has been accelerated by
the application of transgenic and gene targeting methods in
rodent models, which allow detailed measurement of
physiological and behavioral actions in vivo, with specificity
and manipulability not often achieved by other approaches. In
this review, we will summarize the findings from gene
targeting studies in the CNS, pituitary, and peripheral sites,
which critically impact HPA axis/GC regulation and con-
comitant behavioral alterations.
The HPA axis, with the production of GCs, is a classic

endocrine circuit that is regulated primarily, though not
exclusively, through negative feedback mechanisms. When
an organism experiences stress, parvocellular neurons of the
paraventricular nucleus (PVN) of the hypothalamus secrete
corticotropin-releasing hormone (CRH) and arginine vaso-
pressin (AVP) into the hypophysial portal vessels that reach
the anterior pituitary. CRH and AVP actions on pituitary
corticotrophs, through their associated G protein-coupled
receptors, stimulate the release of adrenocorticotrophic
hormone (ACTH). Systemically-released ACTH acts on the
adrenal cortex to induce GC synthesis and secretion from the
zona fasciculata. GCs, cortisol in humans and corticosterone
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(cort) in rodents, initiate physiological and behavioral
responses through ubiquitously expressed GC receptors
(GRs). Two GC-activated receptors, the type I mineralocor-
ticoid receptors (MRs, high affinity) and type II GC receptors
(GRs, low affinity, activated when cort concentrations are
high), mediate the effects of GCs. GR and MR are expressed
in different patterns in the brain: GR is nearly ubiquitous,
while MR is restricted to the hippocampus (HC), central
nucleus of the amygdala (CeA), and lateral and medial
septum (LS and MS) (Kolber et al, 2008). GRs mediate
negative feedback of the HPA axis by inhibiting secretion of
PVN CRH and AVP, as well as anterior pituitary ACTH,
preventing excessive release of GCs (Figure 1). Actions of
GCs at other CNS extrahypothalamic sites have more subtle
modulatory actions. For example, GC action on the HC may
serve to inhibit HPA axis activity, while GC action on the
amygdala or bed nucleus of the stria terminalis (BnST)
activates HPA activity (Herman et al, 2012). Under
conditions of persistent stress exposure, HPA axis activity
may become dysregulated and result in impaired GC
signaling (Herman, 2013; Bamberger et al, 1996; McEwen
and Stellar, 1993). Inappropriate regulation of the stress
response, in the context of chronic stress, has been linked to
a wide array of pathologies including autoimmune disease,
hypertension, and affective disorders. Rodent models have
been utilized to establish a causal relationship between
disrupted GC signaling in specific brain regions with altered
stress responses. In the following sections, we will summarize
the key findings from these studies, focusing on the receptors
and neuroendocrine molecules found to be critical to GC
signaling: GC receptors, CRH and its receptors, MRs,
vasopressin, oxytocin (OT), pro-opiomelanocortin (POMC,
the precursor to ACTH), ACTH and inflammatory cyto-
kines, which alter the HPA axis. We will conclude with a
review of ongoing translational studies, as well as gaps in
knowledge that would benefit from future study.

GENETIC ALTERATIONS

GC Receptors

GCs exert their actions via MR, to be discussed later, as well
as GR, which binds GCs primarily post-stress, when GC
levels are high. Both activation and negative feedback
regulation of the HPA axis are modulated by GR in several
brain regions involved in stress activation of the HPA axis.
Because global congenital deletion of GR results in death
during the first few hours of life due to impaired lung
development and atelectasis, various lines of CNS GR
knockouts, over-expressors and mutants with reduced or
altered function, have been generated to characterize the
different roles of GR in specific regions of the CNS which are
known to be involved in stress circuitry. These models
include: forebrain-specific deletion of GR (FBGR KO);
deletion of GR in PVN CRH producing neurons (GRflox/+;
Sim 1 Cre) (Sim1Cre-GRe2Δ); POMC/Cre-mediated deletion
of GR in the pituitary; deletion of GR in dopaminoceptive

neurons of the nucleus accumbens (NAc) (GRD1Cre mice);
lentiviral-Cre-mediated deletion of GR in the mouse CeA
(CeAGRKO); GR deletion in the PFC of rats (ilPFC and
plPFC GR knockdown); and adenoviral-mediated deletion of
GR in the dorsal raphe nucleus (DRNGRKO). Because GR is
expressed throughout the brain, models of GR disruption in
specific brain regions help to uncover the multiple roles of
GR in regulation of the HPA axis.

Forebrain GR deletion. The forebrain is composed of cortical
and limbic brain regions, which are critical for processing
instincts and emotions. Disruption of stress signaling in this
circuitry is thought to underlie affective disorders such as
anxiety and depression. Mice with a specific deletion of GR in
the forebrain were generated to examine the role of forebrain
GR in regulating HPA axis activity. Mice with loxp sites
flanking the exon 1C-2 region of the GR allele containing
promoter elements, translation start site, and the transcrip-
tional activation domain were mated with CamKIIα-Cre
recombinase mice to generate a forebrain-specific deletion in
GR expression (FBGRKO) (Boyle et al, 2005, 2006). Male
FBGRKO mice show a progressive deletion of the floxed GR
region at 3–6 months of age in the HC, cortex, basolateral
nucleus of the amygdala (BLA) and the NAc. This deletion
results in HPA axis hyperactivity. Circadian basal and peak
cort were increased, as well as post-stress cort and ACTH
concentrations, relative to controls. Post-stress CRH mRNA,
as well as basal and post-stress AVP mRNA, was increased in
the PVN, compared with controls. FBGR is also important for
negative feedback regulation of the HPA axis as FBGRKO
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Figure 1. HPA axis regulation by the endocrine and central nervous
systems neurons in the central nervous system (CNS) can affect HPA axis
activity by regulating CRH secretion in the PVN. Extrahypothalamic
regions that influence the HPA axis through neuropeptide secretion
include the bed nucleus of the stria terminalis (BnST), dorsal raphe nucleus
(raphe), nucleus of the solitary tract (NTS), and the ventral subiculum
(Vsub). The neurotransmitters from these regions can have an inhibitory (γ-
aminobutyric acid [GABA]) or excitatory (norepinephrine [NE], and
serotonin [5-HT]) effect on the PVN. += excites, − = inhibits.
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mice were unable to suppress cort release in dexamethasone
suppression testing. See Table 1 for details of the genetic
modification, as well as the behavioral testing showing
depressive-like behavior in these mice.
There is a striking sex difference in FBGR regulation of the

HPA axis. Female FBGRKO mice show no dysregulation of
the HPA axis, no increase in basal or stress-induced cort, and
no post-stress alterations in AVP or CRH in the PVN
(Solomon et al, 2012). Sex differences were also evident in
FBGRKO behavioral testing for depressive-like behavior
(Table 1). The basis for this critical difference is unknown
but possibilities include estrogen modulation of GR circuitry
or different GR circuitry in females. Because loss of GR
occurred in several forebrain regions, identification of the
specific region(s) and the projections that are responsible for
these GR-based sex differences in stress responsiveness are
unknown. Additional findings could have therapeutic
implications for treating psychiatric disorders in differently
in males and females (Seney and Sibille, 2014).

PVN GR deletion. The PVN is a major site of physiologic
homeostasis. PVN GR is the principal mediator of feedback
regulation that coordinates the appropriate HPA axis
response with the exposed stressor. GR mediates this
negative feedback, and is therefore critical for the return of
homeostasis to the HPA axis following stress exposure. To
investigate the role of GR in CRH expressing neurons,
deletion of GR was targeted to the PVN. GRflox/+; Sim 1 Cre
mice were generated by mating mice with exon II of the GR
allele flanked by loxp sites to a Sim 1-Cre recombinase BAC
transgenic line (Balthasar et al, 2005). Single-minded 1
(Sim1) encodes a transcription factor essential for formation
of the hypothalamic PVN. Sim 1 promoter-driven expression
of Cre begins during embryonic development and after birth
in the PVN, supraoptic and posterior hypothalamic nuclei.
GRflox/+; Sim 1 Cre mice carry a functional wild-type and
floxed GR allele, which may more closely mimic defective
GR signaling in human pathologies, rather than complete
loss of function. These mice show a significant decrease in
GR protein in the PVN but normal levels in the pituitary and
adrenal glands. GRflox/+; Sim 1 Cre mice display enhanced
CRH immunoreactivity in the PVN, and elevated concentra-
tions of plasma ACTH and cort, indicating that decreased
PVN GR activity influences CRH regulation and the ensuing
impaired maintenance of normal HPA axis function.
In a separate study, Sim1Cre BAC transgenic mice

(Balthasar et al, 2005) were mated to mice with loxp sites
flanking the exon 1C-2 region of the GR allele (Boyle et al,
2005; Brewer et al, 2003) containing promoter elements,
translation start site, and the transcriptional activation
domain (Sim1Cre-GRe2Δ) (Laryea et al, 2013). Sim1Cre-
GRe2Δ mice show a 43% loss of PVN GR expression.
However, there were no observed differences in HPA axis
responsiveness, as measured by cort, ACTH or CRH
concentrations, under basal or stressed conditions in
Sim1Cre-GRe2Δ and control mice (Laryea et al, 2013).

In contrast, mice with GR exon 3 deletion in the PVN
(Sim1Cre-GRe3Δ) (Tronche et al, 1999) demonstrate an 87%
reduction in PVN GR expression and display stunted growth
at birth, adult obesity and impaired stress-induced glucose
release (Laryea et al, 2013). Sim1Cre-GRe3Δ mice display
elevated cort concentrations under basal and stressful
conditions, and an impaired response to the dexamethasone
(GR agonist) suppression test, which interrogates the
integrity of feedback inhibition on the HPA axis, indicating
an inability to suppress cort regulation in response to high
circulating cort concentrations. In addition, Sim1Cre-GRe3Δ
mice also display elevated PVN CRH expression and basal
ACTH plasma levels (Figure 2). Thus, the loss of PVN GR
activity observed in Sim1Cre-GRe3Δ mice results in severe
hyperactivity of the HPA axis response and a Cushing’s
syndrome-like phenotype. In contrast to GR deletion in the
pituitary (Schmidt et al, 2009), compensation does not occur
in response to GR deletion but instead HPA axis hyper-
activation persists into adulthood while circadian rhythm of
GC secretion is retained.
Studies using Sim1Cre-GRe2Δ and Sim1Cre-GRe3Δ mice

indicated that conditional deletion of GR exon 3 in the PVN
resulted in increased PVN CRH mRNA, increased plasma
ACTH, and GC excess. In contrast, deletion of the GR exon
1C-2 region produced intact HPA axis function. The
differences observed between Sim1Cre-GRe2Δ and
Sim1Cre-GRe3Δ mice could be due to production of a
truncated, but still functional, GR product in Sim1Cre-
GRe2Δ mice or differences in deletion efficiency.
Before the generation of Sim1Cre transgenic mice, studies

focused mainly on deletion of exons 2 and 3 of GR. The
Sim1Cre lines have been the most selective models of genetic
alteration of PVN GR function thus far. As a result of these
studies, further insight into the role of PVN GR in regulating
HPA axis activity, behavior, and physiologic function has
developed. These models allow for many potential avenues of
investigation in the future including the role of PVN GR in
the pathogenesis of affective disorders and pharmacologic
GC therapies.

Pituitary GR deletion. Normal pituitary function is essential
for HPA axis regulation in response to stress. CRH and AVP
released from the hypothalamus bind to pituitary
corticotrophs, triggering the release of ACTH which, in
turn, causes GC secretion from the adrenal glands. GR in the
anterior pituitary serves as a site of negative feedback
regulation to suppress HPA axis activity, and thus, loss of
pituitary GR would be expected to result in HPA axis
hyperactivity. Direct genetic manipulation of pituitary GR
was performed using Cre-recombinase driven by the POMC
promoter. POMC is a polypeptide precursor to the ACTH
peptide. Its expression begins during embryogenesis in the
anterior pituitary and arcuate nucleus (Elkabes et al, 1989)
(Hindelang et al, 1990). Mice with the POMC-Cre transgene
were crossed to mice floxed for GR to delete GR in the
anterior pituitary (GRPOMCCre) (Schmidt et al, 2009).
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TABLE 1 Extrahypothalamic Regions: Details of Genetic Alterations, Behavioral Tests, and Behavioral Effects

Region Gene Alteration Method Stressor/Behavior test Behavioral effect Reference

1. Forebrain GR Deletion-males Floxed GRex1c-2 ×CamKII
(FB-spec promoter)-Cre

Forced swim Increased despair Boyle et al (2005)

Tail suspension Increased despair

Sucrose preference Depression (anhedonia)

Motor battery Normal

Forced swim+imipramine No despair

Tail suspension
+imipramine

No despair

Deletion-males Floxed GRex1c-2 ×CamKII
(FB-spec promoter)-Cre

Forced swim Increased despair Solomon et al
(2012)

Sucrose preference Depression (anhedonia)

Deletion-female Floxed GRex1c-2 ×CamKII
(FB-spec promoter)-Cre

Forced swim Normal

Sucrose preference Normal

MR Deletion Floxed MRex3×CaMKCre Morris water maze Impaired learning Berger et al
(2006)

Radial maze Impaired working memory

Novel object Increased exploration

Anxiety tests Normal

MR Overexpression CaMKIIα promoter directs
expression of a 3xFlag-tagged
mouse MR cDNA-transgene

Open field Decreased anxiety Rozeboom et al
(2007)

Elevated plus maze Decreased anxiety

GR:MR Under-:over-
expression

Male mice heterozygous for a
null allele of GR× female mice
over-expressing human MR in
the forebrain under the
control of the CamKIIa
promoter

Water maze: spatial &
reversal learning, swim
path time

Dependent on genotype Harris et al
(2013)

Passive avoidance Dependent on genotype

Light dark box Normal

Open field Normal

Elevated plus maze Normal

Tail suspension Normal

CRH Overexpression Tetop-CRH males ×CaMKII-
tTA females

Open field; light/dark
preference

Increased anxiety Kolber et al
(2010)

FBCRHOElife (off doxy, overexpression on,
for lifetime)

* Confounded by
Cushingoid locomotor
changes

FBCRHOEdev (off doxy from E12-P14) Open field; light/dark
preference

Increased anxiety

Tail suspension, forced
swim

Depression

2. Dorsal raphé GR Deletion Floxed GR males
stereotaxically injected with
AAV2/9 Cre or AAV2/9-GFP

Open field, elev. plus maze Anxiolytic Vincent and
Jacobson (2014)

Forced swim Anti-depressant

Social interaction/
exploration

Increased

3. Dopamine circuit
(dopaminoceptive:
nucleus accumbens, dorsal
striatum, cortex)

GR Dopaminoceptive
deletion

Nr3c1(GR)loxP/
loxP ×TgYAC-D1aCre mice

Social interaction after
repeated social defeat

Loss of normal social
aversion response to
repeated defeat

Barik et al (2013)

4. Pre-frontal cortex ilPFC GR Deletion Different LV-short-hairpin (sh)
RNA constructs targeting GR
exon 1 stereotaxically

Forced swim Depressant: increased
immobility

McKlveen et al
(2013)

Open field No effect

plPFC GR Deletion " Forced swim No effect

Open field No increased effect, but
increased locomotor
activity

5. Amygdala (central
nucleus)

GR Deletion Floxed GR exon 2 males
stereotaxically injected with
LV-Cre

Conditioned
fear—contextual

Deficit in freezing during
testing

Kolber et al
(2008)

Conditioned
fear—auditory cue

Deficit in freezing during
testing
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The HPA axis of GRPOMCCre mice evaluated at postnatal
day 6 displayed reduced PVN CRH mRNA levels, but
increased PVN AVP mRNA. As would be expected,
hypothalamic drive of elevated AVP activity results in
increased basal plasma levels of ACTH and subsequently
increased plasma cort concentrations in GRPOMCCre mice
compared with controls. Loss of pituitary GR also led to
reduced PVN GR mRNA levels (Schmidt et al, 2009). These
differences in HPA axis activity between GRPOMCCre and
control mice are short-lived, only occurring in the early
postnatal days. In adulthood, these changes are normalized.
However, the consequences of having an early-life disruption
in HPA axis regulation led to a blunted dexamethasone-
mediated cort suppression response in GRPOMCCre mice in
adulthood. Moreover, adult GRPOMCCre mice had a reduced
ability to suppress cort after a 30-min restraint stress. These
data imply that disruption of pituitary HPA axis function in
early development, through GR deletion, can produce
disrupted HPA axis activity in the neonatal period and
altered stress reactivity in adulthood.

GR deletion in dopamine neurons. Psychosocial stressors
increase GCs and the excitability of dopamine (DA)
pathways. The role of GR in DA circuitry was explored
using floxed GR mice crossed with dopaminoceptive/
dopaminergic-specific Cre mice (Ambroggi et al, 2009). GR

in dopaminoceptive neurons projecting from the ventral
tegmental area (VTA) of the brainstem to the NAc, cortex,
and dorsal striatum is critical for the normal social aversion
response to repeated aggression stress (Barik et al, 2013).
Deletion of GR specifically in NAc neurons (GRD1Cre mice)
completely abrogates the development of social aversion,
while mice with deletion of GR in dopaminergic neurons of
the VTA (GRDATCre) develop social aversion normally. This
is not due to differences in post-stress cort concentrations or
alterations in fear memory. Instead, GR appears to modulate
a post-stress increase of DA release in the NAc by increasing
firing of VTA neurons, as GRD1Cre mice exhibit no DA
release in the NAc, and no increase in VTA firing after an
acute social defeat stress. The GR circuitry controlling DA
synaptic firing is unclear. This mouse model points out the
exquisite neuroanatomical specificity of GR function in the
brain, as well as the complex interactions between GCs and
neurotransmitter mediation of stress.

GR deletion in the dorsal raphé nucleus. GR interacts with
serotonergic as well as dopaminergic stress signaling
pathways, both of which can modulate HPA axis activity.
The brainstem dorsal raphe nucleus (DRN) provides the
majority of serotonergic input to the forebrain, a region
critical for mood and emotions. Floxed GR mice were
injected with adeno-associated virus pseudotype AAV2/9

TABLE 1 (Continued)

Region Gene Alteration Method Stressor/Behavior test Behavioral effect Reference

CRH Chronic
overexpression CeA
CRHOE

Stereotaxic injection of female
rat CeA with LV-CMV-CRH-
GFP

Acoustic startle Increased anxiety Keen-Rhinehart
et al (2009)

Forced swim test Depression

Proceptive sexual
behavior

Decreased libido

CRH Chronic
overexpression CeA
CRHOE

Stereotaxic injection of male
mouse CeA with LV-CRH

Acoustic startle Lower anxiety Regev et al
(2011)

Post-stress acoustic startle Lower anxiety

Light/dark preference Lower anxiety

Forced swim No effect

Tail suspension No effect

CRH Knockdown CeA
CRHKD

Stereotactic injection of male
mouse CeA with LV-short-
hairpin (sh)RNA constructs
targeting CRH

Elev. plus maze Decreased anxiety Regev et al
(2012)

Light/dark preference No effect

Restraint stress, then light/
dark preference

Stress does not cause
normal increase in anxiety

CRH Short-term
overexpression CeA
CRHOE

Stereotaxic injection of male
mouse CeA with LV-rtTA-GFP
and LV-tetop-CRH-RFP
(tet-on)

Light/dark preference No effect Regev et al
(2012)

Restraint stress, then light/
dark preference

Increased anxiety

6. BnST CRH Chronic
overexpression BnSt
CRHOE

Stereotaxic injection of male
mouse Bnst with LV-CRH

Acoustic startle No effect Regev et al
(2011)

Post-stress acoustic startle No effect

Light/dark preference No effect

Forced swim Depression

Tail suspension No effect
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expressing either Cre recombinase (DRNGRKO) or GFP
(DRN-GFP) to determine the effects of DRN GR on activity
of the HPA axis during stress (Vincent and Jacobson, 2014).
DRN GR is necessary for normal HPA-negative feedback
after acute stress, as cort concentrations of DRNGRKO mice
are significantly higher than in GFP controls. See Table 1 for
several behaviors altered in DRNGRKO mice.

GR deletion in the CeA. The amygdala, a limbic site,
contains several nuclei, all important in modulating stress.
The CeA is a key node for integrating stress inputs from
other brain regions and is the major output center to other
regions impacting stress behavior (Pape, 2005). Acute stress
causes release of CRH not only from the PVN, but also from
the CeA. GC activation of the CeA has been implicated in
positive feedback to the HPA, suggesting a role in
hyperactive stress responsivity. An essential role for GR
specifically in fear conditioning has been discovered using
lentivirus-Cre injections into the CeA of floxed-GRex 1C-2
mice (Kolber et al, 2008). These CeAGRKO mice have
deficient conditioned fear responses as well as diminished
post-stress cFos and CRH induction, although cort release
and other anxiety testing were normal.

PFC GR deletion. The PFC has numerous connections with
limbic areas of the brain, and with the hindbrain, and thus,
can translate stressful emotional input into appropriate
cognitive responses. PFC GR has distinct roles in the
response to chronic stress depending on the subregion, as

each subregion has connections to different areas of the brain.
A knockdown strategy using short hairpin RNAs was used to
test the role of GR in different subregions (see Table 1 for
targeting strategy and behavioral sequelae). Infralimbic PFC
GR knockdown (iLPFC GRKD) hypersensitized the HPA
response to stress with increased cort and ACTH concentra-
tions after acute restraint stress and even higher cort
concentrations following chronic variable stress (CVS) and
additional acute stress. Rats with pre-limbic PFC GR knock-
down (plPFC GRKD) also had increased cort release after
acute restraint, but lower levels than controls following CVS.
Baseline cort levels were unaffected in chronically stressed
iLPFC GRKD rats, but were significantly increased in pick
GRKD rats (McKlveen et al, 2013). These major differences in
GR regulation of HPA stress circuitry are dependent on
specific regions of the PFC reinforce the neuroanatomic
complexity of GR signaling. This section demonstrates the
broad effects of GR deletion in different regions of the brain.

Mineralocorticoid Receptor

In the brain, MRs are mainly localized to the HC, but are
also expressed throughout the limbic system and in the
hypothalamus (de Kloet et al, 2000; De Kloet et al, 1998; Reul
and de Kloet, 1985). Hippocampal MRs have a primary role
in the GC-mediated feedback regulation of the HPA axis
(Jacobson and Sapolsky, 1991; Reul et al, 2000), facilitating
the maintenance of basal HPA axis activity at the nadir of the
circadian rhythm (Dallman et al, 1989; De Kloet et al, 1998).
While many studies have addressed the role of GRs in
mediating the effects of GCs in regulating HPA axis activity,
far less is known about the function of MR. Below, we
discuss the contributions made to understanding the role of
MR in regulating HPA axis activity by deleting, and
overexpressing, MR expression specifically in the forebrain
(MRCaMKCre) (FBMRov), respectively. In addition, we discuss
a gene targeting method that disrupts both MR and GR levels
to explore the importance of MR/GR balance in HPA axis
regulation.

Forebrain MR deletion. MR has a higher binding affinity for
cort than GR and can co-dimerize with GR in regions where
both are expressed, and thus, modulate the actions of GR
(Rozeboom et al, 2007). Early perinatal forebrain-specific
deletion of mouse MR (MRCaMKCre) causes upregulation of
GR expression and abnormal sprouting of mossy fibers in
the HC, but no effect in basic synaptic transmission or in
circadian or post-restraint stress cort concentrations. Thus,
forebrain MR is not required for regulation of circadian or
stress HPA axis activity (Berger et al, 2006). Numerous
behavioral abnormalities are present in MRCaMKCre mice
(Table 1), presumably a consequence of an increased GR:MR
ratio and mossy fiber aberrations.

Forebrain MR overexpression. Conversely, chronic
overexpression of forebrain MR (FBMRov) resulted in
transgene overexpression, specifically in the HC and cortex,

Control PVN GR deletion

Prefrontal cortex

Hippocampus

Paraventricular nucleus
of the hypothalamus

Amygdala

Adrenal cortex

Anterior pituitary

Corticosterone Corticosterone

CRH

ACTH

• Impair negative feedback
• HPA axis hyperactivation after stress
• Decreased locomotor activity
• Cushingoid phenotype
- Growth impairments
- Increased adiposity
- Altered fat distribution
- Hair loss

Figure 2. HPA axis regulation in PVN GR exon 3-deleted mice (Sim1Cre-
GRe3Δ). Left side: Control—Under normal circumstances, cort acts on
glucocorticoid receptors (red dots) at negative feedback sites in the
pituitary and PVN to inhibit further HPA axis activation. Right side: PVN GR
deletion—Loss of PVN GR (shaded yellow region) prevents cort-feedback
inhibition of the HPA axis and leads to increased PVN CRH and increased
plasma ACTH that further elevate cort levels. The chronic glucocorticoid
excess leads to impaired negative feedback, exaggerated stress-induced
HPA axis activation, locomotor deficits, and a Cushingoid phenotype.
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which decreased hippocampal GR expression in males, but
only trending toward a decrease in females (Rozeboom et al,
2007). The MR:GR ratio is increased more in males than in
females. Circadian and post-restraint cort levels in FBMRov
males were similar to controls but post-restraint cort release
was suppressed in FBMRov females. The serotonin receptor
is also decreased in FBMRov mice, which would contribute
to the reduced anxiety behaviors observed following acute
stress in both sexes (Table 1). These results indicate that MR
overexpression modulates anxiety behaviors via a different
(non-sexually dimorphic) pathway than its modulation of
the HPA response to stressors.

GR:MR balance. A different genetic approach used crosses
between GR-underexpressing and MR-overexpressing mice to
explore how the GR:MR balance affected the HPA axis. GRlo

MRhi mice overexpress forebrain MR while globally under-
expressing GR (Harris et al, 2013). These crosses also
generated GRloMRnorm, GRnormMRhi, and GRnormMRnorm

littermates. MR and GR interacted significantly in regulation
of the HPA axis after restraint stress, but not under basal
conditions. Elevated cort release in response to stress in
GRloMRnorm male mice was ameliorated, which suggested that
MR could compensate for inadequate post-stress negative
feedback by GR in GRlo mice. The GR:MR balance was also
essential for normal behavioral responses to stress (Table 1).
These gene targeting studies of GR and MR in different
neuroanatomical regions of the brain point to a highly complex
orchestration of GC signaling pathways, which can be sexually
dimorphic, and sometimes include interactions with non-HPA
stress signaling pathways, eg, neurotransmitters.

MR and GR in the periphery. Whereas expression of GR
and MR in the brain overlaps, peripheral expression is much
more isolated. GR is expressed almost ubiquitously in the
periphery while MR expression is localized to allow its
function in controlling blood pressure, maintaining water
and electrolyte balance, and sympathetic drive to the
periphery (Gomez-Sanchez, 2011). The liver and the kidney
are primary sites of peripheral cortisol metabolism. Each
expresses the enzyme 11-β hydroxysteroid dehydrogenase
type II, 11β-HSD2, which converts GCs, cortisol in humans,
to an inactive metabolite, cortisone. In humans, aldosterone
and cortisol have similar affinities for MR. 11β-HSD2 activity
is important to prevent overstimulation of MR by cortisol.
Congenital deficiency of 11β-HSD2 in humans (Dave-
Sharma et al, 1998) or transgenic deletion in mice
(Kotelevtsev et al, 1999) results in a clinical condition
termed apparent MR excess (AME) syndrome. Affected
subjects, despite having normal circulating levels of cortisol
and no disturbances of the HPA axis, present with sodium
retention, hypertension, and hypokalemia (Anagnostis et al,
2009; Gathercole and Stewart, 2010). This condition develops
due to the overactivation of cortisol by MRs because the body
lacks the ability to inactivate cortisol.

Corticotropin-Releasing Hormone

CRH is a 41 amino-acid peptide synthesized not only in
several brain regions, but also in the periphery. Under basal
conditions, CRH is secreted by the hypothalamus into the
portal system in a circadian manner. This diurnal pattern
can be altered by changes in the light:dark schedule, activity
levels, and feeding times, and is disrupted by stress. In
response to physiologic and psychologic stressors, the HPA
axis is activated and CRH and AVP secretions are markedly
increased (Bonfiglio et al, 2011). CRH is also widely
expressed in extrahypothalamic regions of the CNS, and
thus can act as a neuroregulator in forebrain and limbic
circuitry. CRH expression is regulated in different ways,
depending on the location of expression. CRH gene
transcription in the PVN, is inhibited by GCs. In contrast,
GCs increase CRH expression in the amygdala and the lateral
BnST (Herman et al, 2012). Two CRH receptors, CRHR1
and CRHR2, modulate the effects of CRH, each in a very
distinct way, as they have different binding affinities and are
located in different regions of the brain. The role of CRH as a
primary mediator of HPA axis regulation has been studied in
a mouse model of CRH deficiency (CRH KO mice). The
roles of CRH receptors and the extrahypothalamic roles for
CRH have also been studied with several different region-
specific gene disruption models, as described below.

CRH deletion. In rodents, adrenal cort production peaks just
before the active period, or the dark phase in a light:dark
cycle. Circadian modulation of HPA axis activity is required
to establish the daily rhythm of cort production but the exact
mechanism(s) for establishing the circadian cort profile has
not been completely elucidated. CRH has been shown to
have an important role in peak cort concentration as CRH
mRNA rises just before the active period and falls before the
sleep phase in rodents (Kwak et al, 1993). The generation of
CRH-deficient mice (CRH KO), produced by homologous
recombination of a gene targeting vector in which all protein
coding regions were removed in embryonic stem cells, has
helped to define the role of CRH in normal diurnal cort
production (Muglia et al, 1995). The normal circadian
variations in plasma cort concentration are not present in
female CRH KO mice and serum cort concentration was
below assay sensitivity in CRH KO males at both circadian
peak and nadir. Although plasma cort concentrations remain
low in CRH KO mice, plasma ACTH did not increase above
circadian nadir concentrations, and following adrenalect-
omy, there was no circadian peak or nadir increase in plasma
ACTH in KO mice (Muglia et al, 1997).
CRH KO mice show an abnormal, sexually dimorphic

response to stress. Following 20 min of restraint stress, male
CRH-deficient mice showed a significant reduction in
plasma cort concentrations compared with wild-type mice,
however, females showed a ninefold greater cort response
than male KO (Muglia et al, 1995). Thus, CRH insufficiency
results in hypo-responsiveness to a variety of stressors and
produces adrenal atrophy (Jacobson et al, 2000).
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CRH KO mice demonstrate a tendency toward elevated
hypothalamic AVP mRNA. Despite chronic cort insufficiency,
basal pituitary POMC mRNA and ACTH protein, as well as
plasma ACTH levels, are not increased in CRH KO mice. The
lack of elevation in POMCmRNA and plasma ACTH levels in
the adrenal glands of CRH KO mice indicates an impaired
response to GC insufficiency with CRH loss. Following
adrenalectomy, POMC mRNA increases in both wild-type
and KO mice, suggesting that CRH activity is not required for
changes in POMC expression in response to GC insufficiency.
Plasma ACTH does not increase following adrenalectomy,
suggesting that corticotrophs require CRH for secretion of
ACTH but are less dependent on CRH for increases in
POMC mRNA.
Thymus weight, an indicator of overall GC status in

rodents, increases with decreased thymus cort exposure.
Thymus weight was significantly increased in CRH KO mice,
suggestive of deficient GC activity in KO mice. Loss of GC
activity has also been reported to result in depletion of white
fat stores (Dallman et al, 1993). CRH KO males showed
significantly reduced white fat composition in comparison
with wild-type males. Female CRH KO mice displayed a
similar trend but it did not reach the level of significance,
consistent with the less significant deficit in adrenocortical
function. The increase in thymus size and decreased white fat
stores indicate that CRH KO mice display chronically
deficient GC action (Muglia et al, 2000).
In summary, CRH-deficient mice lack the normal diurnal

GC rhythm and show an impaired and sexually dimorphic
cort response to stress, elevated hypothalamic AVP expres-
sion, and adrenal atrophy. In addition, CRH KO mice
display loss of circadian variations in plasma ACTH, normal
circadian locomotor activity, basal pituitary POMC mRNA
and ACTH peptide and show reduced white fat stores and
increased thymus weight.

Forebrain CRH Overexpression. In addition to the PVN,
CRH is also expressed in several areas of the forebrain
(Laryea et al, 2012). The role of extrahypothalamic CRH on
development of HPA axis and behavioral responses to stress
in early life was investigated using a tetracycline-off,
forebrain-inducible CRH overexpression model (FBCRHOE)
(Kolber et al, 2010). See Table 1 for details of the gene
disruption method and behavioral sequelae. For control of
the tetracycline-off system, mice were fed doxycycline chow
to repress transgene expression. FBCRHOEdev were off
doxycycline from embryonic day (E) 0 through postnatal
day 21 (PN21) for transient elevation of forebrain CRH
during mouse brain development. FBCRHOElife mice were
off doxycycline their entire lives and continuously exposed to
CRH overexpression (Kolber et al, 2010). During the time
they are off doxycycline, CRH in these mice is increased in
forebrain regions including HC, cortex, and amygdala.
Several of these regions are considered part of the limbic
system, the area of the brain associated with emotions,
memory, and behavior. Because CRH activates the HPA axis,
hyperactive HPA axis activity throughout life resulted in

increased cort and ACTH levels at circadian nadir (but not
peak) in FBCRHOElife mice, which displayed a Cushingoid-
like phenotype as a result. In contrast, adult FBCRHOEdev

mice displayed anxiogenic and despair-like behavioral
abnormalities (Table 1), although they had normal circadian,
as well as post-restraint stress, cort and ACTH levels.
Expression of a CRH receptor, CRHR1, is increased in
FBCRHOEdev adult mice. FBCRHOEdev adult stress physiol-
ogy is normal, these data suggest that the behavioral
abnormalities present in FBCRHOEdev adults have develop-
mental origins, possibly due to excess CRH alterations in
responsiveness/circuitry of CRH signaling pathways, includ-
ing CRH receptors, during neuronal development.

CRH Overexpression in the CeA and BnST. CRH is
normally upregulated after certain stressors and typically
only CRH from the PVN directly activates the HPA axis
(Kolber et al, 2008). Several different gene-disruption models
have shed light on the role of extrahypothalamic CRH
expression found in the specific forebrain region designated
the ‘extended amygdala’, which consists of the CeA, the
BnST, their reciprocal projections, and their projections to
the PVN. Continuous lentiviral overexpression of CeA CRH
in female rats resulted in upregulation of the HPA axis and
increased expression of CRH and AVP in the PVN (Keen-
Rhinehart et al, 2009). Negative feedback regulation of the
HPA axis is also dysregulated in female CeA CRHOE rats in a
time-dependent manner as assessed by a dexamethasone
suppression test. Increased CeA CRH also impacts female
reproductive physiology: the diestrus phase of the estrus cycle
is lengthened and gonadotropin releasing hormone expres-
sion is reduced, resulting in a lengthened diestrus phase, thus
longer estrus cycles. Emotionality is affected as well (Table 1).
Continuous lentiviral overexpression of CRH (for

4 months) in the CeA of male mice did not alter HPA
activity as measured by plasma cort under basal and post-
restraint stress conditions, nor did continuous overexpres-
sion of CRH in male mouse BnSt (via stereotactic injection of
LV-CRH) (Regev et al, 2011). It is unclear whether the
differences between female rats and male mice in central
HPA effects from CeA CRHOE are due to sexual dimorph-
ism, species differences, or a combination of both. Behavioral
sequelae in response to prolonged CRH overexpression were
different depending on the site of CRHOE, whether in the
mouse BnST or CeA (Table 1), thus, stress behaviors are
acutely sensitive to site-specific CRH levels. This may also be
a result of alterations in CRHR1 expression, which were also
dependent on the region with CRH overexpression.

Overexpression vs knockdown of CeA CRH. Regev et al
(2012) also generated two complementary systems to further
delineate the function of CeA CRH in male mice: CeA CRH
knockdown using lentiviral shCRH RNAs (short-hairpin
RNAs that interfere with CRH mRNA (CeA CRHKD)), and
a tet-inducible CeA CRH overexpressing model (CeA
CRHOE). Both models demonstrate short-term alterations
in CRH levels (). CeA CRHKD results in elevated basal cort
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concentrations, suggesting a role for CeA CRH in regulating
basal (circadian) HPA activity. Post-restraint stress plasma
cort concentrations were not affected, although several stress
behaviors were altered (Table 1). In short-term CRHOE (for
3 days) mice, circadian and post-stress cort concentrations
were normal, although the overexpression resulted in
increased anxiety behavior post-stress (Regev et al, 2012).
Thus, normal levels of CeA CRH are essential for regulation
of basal HPA activity, and short-term overexpression does
not impair central HPA physiology. However, even short-
term overexpression of CRH in the CeA affects limbic
circuitry controlling anxiety behaviors.

CRHR1 and CRHR2 Deficiency. These two G protein-
coupled CRH receptors are critical for mediating the
downstream effects of CRH. They differ in their distribution
in the brain and peripheral tissues: in the mouse. CRHR1 is
abundantly expressed in the cerebral cortex, cerebellum, MS,
and the anterior pituitary, while CRHR2 is present in the
ventromedial nuclei of the hypothalamus, lateral septum,
amygdala, and entorhinal cortex in the brain, also periph-
erally in skeletal muscle, heart, vasculature, and gastrointest-
inal tract (Bale et al, 2002; Lovenberg et al, 1995). They also
differ in their binding affinity for CRH, CRHR1 having a
much higher affinity for CRH than does CRHR2.
CRHR1-deficient mice were generated using a targeting

vector, which deleted the end of the first extracellular domain
through the fourth transmembrane domain (Smith et al,
1998). CRHR1null homozygotes have very low plasma cort
concentrations due to agenesis of the adrenal gland zona
fasciculata, the GC-producing region. This agenesis was
caused by developmental insufficiency of ACTH production
in CRHR1 mutants. Adrenal gland function can be restored
by early postnatal ACTH replacement. Basal ACTH levels in
mutant adults were normal, but CRH production in the PVN
was markedly increased, due to diminished negative feed-
back to the PVN by low cort levels. Amygdalar CRH
production was not affected in the mutants, nor was AVP in
the PVN. Loss of this receptor has the behavioral
consequence of reducing anxiety. This is not due to low
circulating cort concentrations in the mutants, as cort
replacement had no effect. CRHR1 mutants demonstrate
that CRHR1 is essential for adrenal gland development, HPA
axis function, and normal behavioral responses to stress.
In contrast, CRHR2-deficient mice, generated using a

targeting vector that deletes part of the fifth transmembrane
domain through the seventh transmembrane domain of
CRHR2, show increased anxiety in behavioral testing
paradigms. Physiologically, basal levels of cort and ACTH
were normal, but the CRHR2 mutants had a hypersensitive
response to restraint stress: their cort concentrations and
ACTH levels peaked earlier and were higher than controls.
These mutant models demonstrate opposing actions of

CRHR1 and CRHR2 in the HPA axis and behavioral responses
to stress. To further elucidate how these two receptors interact
in CRH signaling of the stress response, a mouse double
mutant for both receptors was generated by mating mutant

CRHR1 males with mutant CRHR2 females, generating
offspring heterozygous for both genes, which were then
mated to produce offspring homozygous for both mutations.
Basal ACTH levels in the double mutants, as in the single
mutants, were normal. However, cort concentrations at nadir
were significantly lower in the double mutants than in the
single CRHR1 mutants, relative to controls or single CRHR2
mutants. Also, like the single CRHR1 mutants, CRH levels are
increased. Surprisingly, there is a sexual dichotomy in anxiety
behaviors. Double mutant females exhibited less anxiety in
anxiety tests relative to controls and similar to CRHR1 single
mutants, whereas double mutant male behaviors were more
anxiogenic. During this testing, CRHR1 single mutant male
mice, which were reported earlier to show anxiolytic behaviors
(Smith et al, 1998), were now found to have anxiety behaviors
similar to controls. The difference in results was due to
differences in the maternal genotype: if the mother was hetero-
or homozygous for the CRHR2 single mutation, then male, but
not female, offspring will display anxiogenic behaviors,
regardless of its genotype, indicating a highly anxious mother.
These results indicate a critical and sexually dimorphic

role for both CRH receptors in the development and
maintenance of normal HPA axis and behavioral responses
to stress.

Vasopressin

CRH interacts intricately with vasopressin, AVP, the other
ACTH secretagogue to coordinate HPA axis responsiveness.
AVP levels are more closely in line with ACTH, than CRH,
suggesting a more active role for AVP in regulating the HPA
axis. Below, we explore the contribution of AVP signaling in
HPA axis regulation.
AVP is secreted mainly from the parvocellular neurons

in the PVN and also from the soma and dendrites of
magnocellular neurons in the hypothalamus. AVP is a direct
ACTH secretagogue through its V1b receptor. AVP regulation
of the HPA axis is crucial for sustaining CRH responsiveness
in the presence of high plasma cort concentrations.
AVP exerts major physiological effects through three

receptor isoforms (V1a, V1b, and V2). Among these three
subtypes, the vasopressin V1b receptor is specifically
expressed in pituitary corticotrophs and mediates the
stimulatory effect of AVP on ACTH release. To determine
the roles of the V1b receptor in vivo, gene targeting was used
to create a mouse model lacking the V1b receptor gene
(V1bR−/−). In addition, Brattleboro (BB) rats, which have
diminished AVP mRNA or protein, will be discussed as a
model of congenital AVP deletion.

VIb receptor deletion (V1bR − /− ). AVP exerts its major
physiological function via three distinct receptors: V1a, V1b,
and V2. The vasopressin V1b receptor is expressed in
pituitary corticotrophs and mediates the stimulatory effect of
ACTH release from the pituitary. Basal concentrations of
AVP, OT, and CRH gene expression in the PVN are normal
in AVP V1bR− /− mice. Mice lacking the V1b receptor,
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V1bR− /−, were generated to determine the role of V1b
receptors in regulation of the HPA axis in vivo. Under basal
conditions, plasma ACTH and cort concentrations were
lower in V1bR− /− than in wild-type (V1bR+/+) mice, during
the light phase of the light:dark cycle. In the third hour of the
dark phase of the light:dark cycle, plasma ACTH levels were
increased in V1bR+/+ mice, but this elevation was not present
in V1bR− /− mice, indicating that the circadian variation
was blunted in V1bR− /− mice. Contrary to ACTH, cort
concentrations were elevated at the dark phase compared
with that of the light phase in both V1bR+/+ and V1bR− /−

mice. Thus, circadian variation in cort secretion does not
appear to be influenced by deletion of V1bR. Stimulation
with exogenous AVP did not significantly increase circulat-
ing ACTH levels in V1bR− /− mice. However, exogenous
CRH produced similar concentrations of plasma ACTH and
cort concentrations were present in both wild-type and
homozygous mice. Following a forced swim stressor, the
significant increase in plasma ACTH present in V1bR+/+ was
impaired in V1bR− /− mice. Plasma cort concentrations, after
the forced swim, were significantly lower in V1bR− /−

compared with V1bR+/+ mice, but the increase in plasma
cort above the basal concentration was comparable between
groups (Tanoue et al, 2004).
In summary, V1bR− /− mouse studies have shown that

AVP/V1b receptor signaling has an important role in
maintaining basal ACTH secretion, and that both AVP/
V1b and CRH/CRH receptor signaling have a critical role in
modulating HPA axis activity in response to stress.
Single-nucleotide polymorphisms (SNPs) and haplotypes

in the human AVPR1b gene, which encodes for the AVP
receptor 1b protein, have been associated with mood and
anxiety disorders in humans (Keck et al, 2008; van West
et al, 2004). Additional human studies have suggested a link
between the haplotype of AVPR1b and suicide attempts
(Leszczynska-Rodziewicz et al, 2013). Furthermore, poly-
morphisms in the AVPR1b gene have been suggested in the
involvement of childhood onset of mood disorders, in a
sexually dimorphic manner (Dempster et al, 2007). Although
CRH signaling is the principle regulator of the HPA axis,
AVP signaling via the AVPR1b receptor has been shown to
act synergistically with CRHR1 in response to various stress
response paradigms (Scott and Dinan, 1998). An association
between the rs28536160 polymorphism of the AVPR1b
gene and rs1293651 of the CRHR1 gene and bipolar patients
with psychotic features has been previously established
(Leszczynska-Rodziewicz et al, 2012). The precise role of
AVPR1b genetic variation in stress responsiveness is still
somewhat unclear. Future studies should focus on gene–
environment interactions between AVPR1B variants and
stressful stimuli.

AVP deficiency (BB rats). BB rats inherit a single nucleotide
deletion in the neurophysin II region of the AVP precursor,
which results in abnormal AVP prohormone and
consequently, the lack of functional AVP (Ivell et al, 1986).
BB rats provide a congenital AVP KO model for endocrine

studies. In adult rats, it is thought that ACTH release from the
anterior pituitary is controlled mainly by CRH, whereas AVP
acts to support this effect. In rats, the first 2 weeks of postnatal
life are termed the stress hyporesponsive period (SHRP),
when the response of the HPA axis to stressful stimuli is
greatly reduced. GC regulation of PVN CRH expression is not
developed fully in the SHRP. On the contrary, PVN AVP
regulation matures early and is functional during the SHRP
and thus, AVP may have an important role in regulating
ACTH production and release during the developmental
SHRP. Studies using BB rats show that during the neonatal
period AVP is crucial for the expression of ACTH stress
responses, but neither AVP nor ACTH is required for the
generation of cort stress responses. In contrast to adults, AVP
seems to be the most important regulator of ACTH secretion
during the early postnatal period.
In adult homozygous BB rats, basal pituitary ACTH

concentration, as well as plasma ACTH and cort concen-
trations, appears to be normal. Following 10 min of forced
swim, plasma ACTH and cort concentrations were virtually
identical in AVP-deficient BB rats and controls.
However, 105min following onset of the stressor, plasma

cort concentrations were significantly elevated in BB AVP KO
rats. Synthetic AVP delivered to the PVN, concomitantly with
stressor exposure, resulted in normalized plasma cort con-
centrations. Thus, PVN AVP likely acts as a paracrine signal to
facilitate the return of plasma cort to basal concentrations
following acute stress exposure (Zelena et al, 2008).
In restraint stress experiments (daily, 60min restraints)

utilizing the BB rat as a model of AVP deficiency, normal
ACTH and cort responses to acute restraint (initial 60 min
restraint; no previous stress exposure) were observed.
The fast ACTH response to the 11th and 15th restraints, but
not the 5th or 8th restraint stress exposures, was significantly
lower in male, but not in female, BB rats compared with
controls (Zelena et al, 2004). These data suggest that either the
changes in ACTH are not essential for the activation of the
HPA axis under conditions of chronic stress or AVP
deficiency is compensated for the other mediators.

Oxytocin

OT, a nine amino-acid peptide, is a neurohypophyseal
hormone synthesized primarily in the hypothalamus. The
majority of OT is produced in the magnocellular neurons of
the PVN and supraoptic nuclei and is transported to the
posterior lobe of the pituitary for storage and release into the
periphery. OT is thought to be anxiolytic and have stress-
attenuating effects. Evidence suggests that OT and CRH
have reciprocal effects. CRH stimulates both ACTH and
OT release, but the mechanism by which these occur
is different with differences in OT arising as a result of
CRH directly or indirectly affecting magnocellular neurons
in the PVN.
In response to stress, OT is released from the neuro-

hypophyseal terminals into the blood, but also within specific
brain nuclei including the PVN. The release of OT is dependent
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upon the condition and amplitude of the stressor and thus, OT
may supplement the stress-induced HPA axis response. Below,
we discuss OTKO mice as a genetic model of OT deletion to
help define a role for OT in stress responsiveness.
Examination of PVN CRH mRNA in OTKO mice revealed

similar to expression in wild-type mice under basal
conditions. Response to psychogenic stress (exposure to
platform shaker) resulted in an increase in anxiety-like
behavior and plasma cort concentrations in OTKO female,
but not in OTKO male mice, compared with wild-type mice.
Unlike female OTKO mice, male OTKO and wild-type mice
secreted the same amount of cort in response to psychogenic
stress. These data suggest the heightened plasma cort
concentrations in female, but not in male, OTKO mice in
response to platform shaker stress, likely represents heigh-
tened HPA axis activity (Amico et al, 2008).

POMC Deficiency

POMC, as mentioned previously, is the precursor to ACTH.
In POMC-null mice, ACTH levels are low and there is a
deficiency in cort (Yaswen et al, 1999). Given that both CRH
KO (Muglia et al, 1995) and GR KO pups die due to adrenal
insufficiency, the viability of the POMC-null mice is believed
to be influenced by maternal-released cort. This implies that
ACTH is not necessary for an organism’s survival if there is
access to cort. Comparatively, there are human mutations in
the POMC gene that prevent POMC translation or interfere
with ACTH synthesis and result in POMC-deficient humans,
who also have low ACTH levels and cort deficiency (Krude
et al, 1998). The disruption of HPA axis activity through
POMC deletion differentiates the role of ACTH and cort play
in an organism’s survival.

ACTH Deficiency

Isolated ACTH deficiency (IAD) is a disorder in humans
characterized by a deficiency primarily in pituitary ACTH
(Andrioli et al, 2006) (Steinberg et al, 1954). There are a
number of causes of IAD including genetic mutations in
pituitary genes. T-box pituitary-restricted transcription
factor (TPIT) is a protein necessary for the transcription of
POMC and the terminal differentiation of POMC cells
specifically in the pituitary (Lamolet et al, 2001). Therefore
when this transcription factor is deleted, a mouse model of
IAD can be generated as described by Pulichino et al (2003).
TPIT null mice have low ACTH and no detectable cort. In a
subset of patients with neonatal onset IAD, loss of function
mutations in TPIT have been identified. These patients have
deficits in the levels of ACTH and cort secreted (Couture
et al, 2012; Vallette-Kasic et al, 2005). Thus, genetic
disruption of TPIT causes IAD and disrupts HPA axis
activity in rodents and humans. The importance of
transcription factors in HPA axis regulation is further
delineated in the following section.

Pituitary Transcription Factors

The ability of CRH and AVP to induce ACTH secretion
occurs, in part, through their activation of pituitary
transcription factors that regulate POMC gene expression.
Below, we describe the effects of disrupting these transcription
factors on HPA axis activity.

Tpit, Pitx1, and Nur77. Tpit and Pitx are pituitary
transcription factors involved in specific expression of
POMC in pituitary corticotrophs and melanotrophs
(Lamolet et al, 2001). CRH activates Tpit and Nur77 (member
of the subfamily of orphan nuclear receptors) causing them to
act on response elements on the POMC gene to induce POMC
transcription (Kovalovsky et al, 2002; Maira et al, 2003). In
vitro deletion or mutations of Tpit, Pitx, and NuR response
elements abolishes both CRH-mediated activation and GC-
mediated inhibition of POMC.

PROP1. Another transcription factor, Prophet of Pit-1 gene
(POMC) encodes a paired-like homeodomain protein and is
expressed early in pituitary gland development and regulates
cell differentiation (Araujo et al, 2013; Raetzman et al, 2004).
Patients with pituitary corticotroph tumors express high
levels of PROP1, which leads to increased expression of
POMC and ACTH (Araujo et al, 2013). Conversely,
inactivating mutations in PROP1 causes combined/multiple
pituitary hormone deficiency (CPHD/MPHD) in humans
and animals. The CPHD/MPHD disease leads to deficiencies
in a number of pituitary hormones including ACTH, growth
hormone, follicle stimulating hormone, prolactin, and
luteinizing hormone. In a study of patients with MPHD
and a PROP1 mutation 4% of them have a corticotrophs
deficiency and a tendency for ACTH and cortisol deficiency
with age (Vallette-Kasic et al, 2001). In a family with CPHD,
83% of the members over the age of 43 had ACTH/cortisol
insufficiency. Low cortisol concentrations and unresponsive
ACTH/cortisol to hypoglycemia due to PROP1 mutations
and CPHD have been observed in a number of other studies
(Asteria et al, 2000; Lamesch et al, 2002). In contrast to
human studies, studies in PROP1-deficient mice demon-
strate elevation in plasma ACTH and cort concentrations
that are ore elevated with stress (Nasonkin et al, 2011). This
difference in HPA axis activation between human and mice
with a mutation in the same gene is very interesting.
However, the cause of this difference remains unknown. One
possible explanation could be that the PROP1 gene activated
different transcriptional events in humans compared with
mice, and this leads to opposite HPA axis activation. This
information represents a precaution against using gene
studies in rodents as absolute translation for what occurs
in humans.

Inflammatory Genes

The majority of the genes discussed thus far have been
directly associated with the HPA axis pathway. This section
deviates into genes involved in the inflammatory system that
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have been shown to affect HPA axis activity. There is a very
strong interaction between the neuroendocrine system and
the immune/inflammatory system (Pace and Miller, 2009;
Turnbull et al, 1999). Under basal conditions, low concen-
trations of GCs are necessary for normal immune and
inflammatory function (Morand, 2000). In the event of
chronic stress, activation of the HPA axis leads to a rise
in GCs which act as immunosuppressors and anti-
inflammatory cytokines (Uchoa et al, 2014). Organisms
experiencing chronic stress are at risk for infections and
impaired wound healing (Godbout and Johnson, 2006).
Alternatively, in the event of an immune or inflammatory
challenge, increased pro-inflammatory cytokines can in-
crease CRH and AVP secretion from the PVN and drive
HPA axis to increase circulating GCs to negatively regulate
the increase in cytokines (Chrousos, 1995). The bidirectional
interplay between the stress and immune/inflammatory
systems creates a regulatory feedback loop. This section
evaluates the effects of disruption in a number of
inflammation-related molecules on HPA axis activity.

Leukemia inhibitory factor. Leukemia inhibitory factor
(LIF), a member of the IL-6 family of cytokines, is involved
in facilitating cell differentiation (Shimazaki et al, 2001);
thus, its disruption affects normal tissue and organ develop-
ment. During an inflammatory challenge, LIF levels in the
pituitary are dramatically increased and contribute to the
HPA axis response to inflammation. Specific LIF over-
expression in the pituitary using the glycoprotein hormone
alpha-subunit causes pituitary corticotroph hyperplasia and
results in a Cushingoid phenotype. Consequently, these
pituitary LIF overexpressing mice display increased basal
plasma cort concentrations and impaired dexamethasone-
mediated cort suppression. In another study, the growth
hormone promoter was used to overexpress pituitary LIF in
mice and led to impaired pituitary development. These mice
displayed disruption in expression of a number of pituitary
hormones, including an increase in ACTH mRNA levels.
Plasma concentrations of cort were not measured in this
study. These two studies demonstrate genes that affect
pituitary development, and thus pituitary hormone levels can
disrupt normal HPA axis activity. The targeting of LIF using
different promoters likely accounts for the differences in
mouse phenotype between the two studies. Also of note, LIF
has been demonstrated to act in concert with CRH to induce
POMC transcription and ACTH synthesis (Wang et al,
1996). Thus, elevation in ACTH and cort may not only be
due to pituitary corticotroph hyperplasia but also LIF directly
inducing ACTH secretion. In comparison, knocking out LIF
in mice results in reduced plasma ACTH and cort levels
(Chesnokova and Melmed, 2002). When LIF expression is
suppressed by a cytokine-inducible inhibitor, Suppressor of
Cytokine Signaling 3 (SOCS-3), ACTH levels are also
suppressed (Auernhammer et al, 1998). Thus, increased
pituitary SOCS-3 levels negatively regulate HPA axis activity
and in LIF KO mice, decrease ACTH and cort.

STAT3 and SOCS-3. In vitro studies show that deletion of
CRH-responsive regions in the POMC gene decreases
POMC transcription not only by CRH, but also by LIF
(Ray et al, 1998). To identify LIF-responsive regions on the
POMC gene, Bousquet et al (2000) performed 5'-deletions of
the POMC promoter). The authors identified LIF-responsive
regions that also contain DNA-binding motifs for signal
transducer and activator of transcription 3 (STAT3) and
determined that LIF-induced STAT3 activates POMC
transcription by directly binding to its promoter. In addition,
LIF-activated STAT3 indirectly mediates POMC transcrip-
tion by activating cFOS and JunB that bind to the POMC
AP-1 element. This identifies STAT3 as another regulator
POMC gene transcription and thus HPA axis activation.
Interestingly, LIF-induced STAT3 activation can also be
disrupted by SOCS-3 overexpression, hence suppressing
HPA axis activity (Bousquet et al, 2000). These data
represent pathways through which inflammatory cytokines
drive HPA axis activation, and their inhibitors drive its
suppression. This indicates that the inflammatory system has
a way to regulate HPA axis activity independent of psycho-
logical stress-induced HPA axis regulation.

Annexin 1 (Lipocortin 1). Annexin 1 (Lipocortin 1) is a
calcium-dependent membrane binding protein that is in-
creased by GCs to mediate GC anti-inflammatory actions
(Perretti and D’Acquisto, 2009). It is highly expressed in
the anterior pituitary and has a role in the inhibition of ACTH
by GCs (Taylor et al, 1993). Annexin 1 null mice have a 4-fold
increase specifically in corticotroph cells, which led to
increased pituitary ACTH mRNA (Morris et al, 2006).
However, plasma concentrations of ACTH and cort are not
altered. Interestingly, the increase in pituitary ACTH was only
observed in male Annexin 1 null mice, not in females,
suggesting the possible influence of sex hormones in altering
inflammation-mediated HPA axis activity (Hannon et al, 2003;
Jankord et al, 2007; Spinedi et al, 1994).
Together, these data define a role for inflammatory

cytokines in the regulation of pituitary HPA axis activity.
While LIF and STAT3 are shown to increase HPA axis
activity through action on pituitary corticotrophs, SOC-3
and Annexin 1 are shown to decrease HPA axis activity.
There are undoubtedly other cytokines and inflammatory
molecules activated in signaling pathways that may influence
pituitary-driven HPA axis regulation. This represents a large
area of research in delineating networks between inflamma-
tory signaling pathways and the HPA axis.

TRANSLATIONAL STUDIES

HPA axis dysfunction has been linked to major depression in
humans (Dale et al, 2015). Studies have investigated the role
of polymorphisms mapped to genes involved in HPA axis
regulation in the modulation of clinical features of major
depression. Variability at genes encoding proteins with a
pivotal role in HPA axis regulation have demonstrated the
importance of polymorphisms mapped to genes involved in
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HPA axis function in the presentation of clinical features in
major depressive patients.
The influence of genetic variants in CRHR1, CRHR2, CRH-

BP, and FKBP5 genes have been investigated in both the risk
for depression and antidepressant treatment response in
humans (Papiol et al, 2007). A genetic variation in the
CRHR1 gene, rs110402, was associated with an increased risk
to present a seasonal pattern and an early age of onset of the
first depressive episode. In the CRHR2 gene, allele G carriers
of rs2270007 showed a worse overall response to certain
antidepressant treatments (Papiol et al, 2007).
A principal function of increased CRH expression in human

depression is demonstrated by both clinical and preclinical
studies (Bartolomucci and Leopardi, 2009). In depression,
elevated concentrations of CRH can be found in the
cerebrospinal fluid (Lee et al, 2012) and in the number of
CRH expressing cells in the PVN (Raadsheer et al, 1994). On
the contrary, a dulled ACTH response to CRH delivery has
also been associated with depressive-like behavior (Heim et al,
2000). This restricted secretory response of ACTH to CRH is
thought to be caused by elevated basal cort concentrations.
Other studies have investigated whether polymorphisms in

GR, or genes that are involved in regulating GR activity,
including the human GR gene (NR3C1), CRH, AVP, and an
additional five cochaperones of GR (BAG1, STUB1, TEBP,
FKBP4, and FKBP5), contribute to the susceptibility for
developing depressive-like behavior and the responsiveness
to antidepressant treatment. For example, a significant
association was found in response to antidepressant treat-
ment and the reoccurrence of depressive episodes with SNPs
in FKBP5. This polymorphism was associated with an
increased number of lifetime depressive episodes and a
shorter duration in response to antidepressant treatment
(Binder et al, 2004). These data suggest that genes involved in
regulating GR sensitivity are also involved in the causality of
depression and drug treatment response.

FUTURE DIRECTIONS AND CLINICAL
IMPLICATIONS

The evaluation of genetic alterations that affect HPA axis
activity discussed thus far paint a picture of the complexity of
genes involved in the neuroendocrine system. Understanding
the interaction between these genes and their individual
function in stress regulation will help to elucidate their roles
in coordinating stress responses.
Moreover, elucidating the complex relationship between

gene products, neural circuits, the stress response and stress-
related disorders holds enormous potential to decipher the
mechanisms involved and develop new therapies for
psychiatric disorders.
Early-life environment can dramatically impact develop-

ment of the HPA axis and future stress responsiveness. The
knowledge surrounding the potential mechanisms by which
early life environment can influence brain development and
predispose individuals to psychiatric disorders later in life

come from animal studies (Champagne et al, 2003; Pryce
et al, 2005; Weaver et al, 2004). Some unanswered questions
need to be addressed including particular brain regions that
are most vulnerable to alteration, the impact of specific
stressors, the neural mechanisms involved in programming
persistent behavior, and the critical developmental periods
that are the most susceptible suffering the greatest impact of
early-life experience. Previous studies have been limited in
their inability to selectively manipulate endogenous gene
activity isolated to specific brain nuclei. Recent advances in
research techniques and novel analytical methods will help to
define the complex interactions between genes and the
mechanisms involved in the pathophysiology of stress-
related disorders and may hold unique opportunities to
answer these questions.
To help define the influence of modulators of the stress

response in manifesting disease states, future studies in rodents
should include additional regional-specific and temporal
targeting strategies. Optogenetics is one promising new
method for stress research that will allow for stimulation and
inhibition of region-specific neurons will help determine the
necessity of particular neurons in HPA axis activity (Tye and
Deisseroth, 2012). The prospect of optogenetics research lies in
the ability to help target specific brain nuclei and manipulate
cell-specific neurons with high temporal accuracy.
In addition, CRISPR-mediated genome editing could offer

significant clinical therapeutic potential by identifying parti-
cular genes involved in mediating dysregulated stress respon-
siveness in rodents (Mali et al, 2013). CRISPR is
an innovative research tool that produces selective gene editing
for effective manipulation of gene expression in the endogen-
ous environment and overcomes some of the limitations of
previous genome modifying methodologies. One benefit of
CRIPR technology is that it can be applied to diverse species
and extended to a wider range of species than was previously
possible with more limited techniques. The use of CRISPR
technology in diverse species will help to narrow the gap
between well-established model organisms and emerging
experimental species. In addition, future studies using CRISPR
technology could be used to engineer specific variants in
animal models to assess human polymorphisms found to be
associated with altered stress responsiveness.
Previous studies in rodents have noted sex differences in

HPA axis regulation. A number of studies have shown that
GC levels are higher in females than in males following stress
exposure in both humans and rodents (Dalla et al, 2005;
Viau, 2002). These sex differences in HPA axis stress
responsiveness could be due to sexual dimorphisms in brain
functioning and circulating plasma cort concentrations.
Other potential mechanisms involved in mediating the
sexual dimorphism in HPA activity are gonadal steroids or
sympathoadrenal stress axes acting together with the HPA
axis to produce the variation found in males and females.
Additional studies need to continue to explore the neuro-
logical underpinnings of this difference to better understand
the underlying mechanisms that influence the association
between gender differences and stress reactivity. Future
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research should be aimed at elucidating the regulatory
mechanisms of HPA axis activity to provide a better
understanding of the abnormal adaptations of neurobiolo-
gical systems involved in the stress response. Innovative
techniques that allow for molecular dissection of particular
gene activity in specific brain regions will be critical in
elucidating the mechanisms involved in mediating normal
HPA axis activity and could potentially identify novel
therapeutic strategies aimed at treating mental health
disorders associated with HPA axis dysfunction.
Advances in human studies have permitted detailed

analysis of genetic factors associated with individual
differences for risk of developing a psychiatric disorder.
New technologies allow for identification of individuals at
greater risk for responding more slowly to treatment or
experiencing more severe effects of mood disorders. These
studies include identifying genetic polymorphisms in specific
populations associated with a greater risk of developing
psychiatric disorders.
Future translational studies will allow for personalized

therapy based on pharmacogenomics. These studies will
eventually lead to the development of selective treatment
agents, targeted at specific tissues, to reduce the negative side
effects associated with a less targeted treatment approach. For
example, because GCs are a principal regulator of HPA axis
activity, and HPA axis dysfunction has been associated with
most mood disorders, there is great hope for the application of
GC targeted therapies in treating mood disorders. However,
because of the wide expression of GR in both the brain and
the periphery, unwanted side effects are almost guaranteed.
Selective treatments that target GR in specific regions could
hold great promise for future therapeutic treatments. By
establishing an association of particular polymorphisms with
symptoms, individuals identified as being at greater risk for
developing a mood disorder could receive preventive therapies
or start treatments to lower their risk before development of
symptoms.
Translational research approaches should include further

identification of biomarkers associated with an increased risk
for developing a mood disorder and targeted therapies based
on an individualized treatment approach.
In summary, this review provides evidence for the role of

receptors, neuroendocrine molecules, transcription factors,
and inflammatory genes in modulating HPA axis activity.
The diversity of genes that influence the HPA axis leads to
organismal differences to the same stressor. The studies
suggested in the future directions section will be important in
providing better insight into neuropsychiatric consequences
of HPA axis dysregulation.
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