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Role of glucocorticoid negative feedback in the regulation of HPA axis pulsatility
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ABSTRACT
The hypothalamic–pituitary–adrenal (HPA) axis is the major neuroendocrine axis regulating homeostasis
in mammals. Glucocorticoid hormones are rapidly synthesized and secreted from the adrenal gland in
response to stress. In addition, under basal conditions glucocorticoids are released rhythmically with
both a circadian and an ultradian (pulsatile) pattern. These rhythms are important not only for normal
function of glucocorticoid target organs, but also for the HPA axis responses to stress. Several studies
have shown that disruption of glucocorticoid rhythms is associated with disease both in humans and in
rodents. In this review, we will discuss our knowledge of the negative feedback mechanisms that regu-
late basal ultradian synthesis and secretion of glucocorticoids, including the role of glucocorticoid and
mineralocorticoid receptors and their chaperone protein FKBP51. Moreover, in light of recent findings,
we will also discuss the importance of intra-adrenal glucocorticoid receptor signaling in regulating
glucocorticoid synthesis.
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An overview of the hypothalamic–pituitary–adrenal
axis and its rhythms

The hypothalamic–pituitary–adrenal (HPA) axis regulates
circulating levels of glucocorticoid hormones (cortisol in
humans, corticosterone in the rat and mouse; hereafter
referred to as CORT) and is the major neuroendocrine axis
regulating homeostasis in mammals. When stress activates
the HPA axis the resultant increase in CORT prepares the
body to cope with and recover from, the stressor.
Glucocorticoids have a wide range of effects; they are
involved in the regulation of metabolic processes, immune
system, reproduction, behavior and cognitive functions
(Cherrington, 1999; Chrousos, 1995; de Kloet, 2000;
Macfarlane et al., 2008; McEwen, 2007; Munck et al., 1984).
The main activator of the HPA axis is the neuropeptide cor-
ticotropin-releasing hormone (CRH), synthetized in the hypo-
thalamic paraventricular nucleus (PVN). Upon activation, CRH
is released into portal vessels of the median eminence to
reach the anterior pituitary where it stimulates the synthesis
and release of adrenocorticotropic hormone (ACTH) from cor-
ticotroph cells (Antoni, 1986; Vale et al., 1981). ACTH in turn
is secreted into the blood circulation from where it reaches
the adrenal cortex to stimulate the synthesis and secretion of
CORT (Dallman et al., 1987).

Glucocorticoids exert their effects through activation of the
glucocorticoid receptor (GR) and the mineralocorticoid recep-
tor (MR) (Reul & de Kloet, 1985). These are intracellular recep-
tors belonging to the nuclear receptor family. After binding to
CORT, MR and GR translocate to the nucleus where they regu-
late gene transcription and subsequent protein synthesis (Pratt

et al., 2006; Robertson et al., 1993). Increasing evidence sug-
gests that, in addition to genomic actions, CORT can induce
rapid, nongenomic effects occurring within seconds to minutes
(Groeneweg et al., 2012; Tasker et al., 2006). MR and GR are
expressed in different tissues and therefore exert different
physiological functions. GR expression is ubiquitous through-
out the body and is involved in mediating CORT-regulated
processes such as energy distribution (e.g. glycogenesis, fat
and protein metabolism) and immune function. In the brain,
GR levels are particularly high in the hippocampus, amygdala,
PVN and prefrontal cortex while MR is mainly expressed in lim-
bic areas, with high levels in the hippocampus, and moderate
levels in the amygdala and prefrontal cortex (Reul & de Kloet,
1985, 1986). Because of their different affinities for CORT, MR is
already occupied when CORT concentrations are low, such as
during the hormonal circadian nadir, while GR is only activated
when CORT levels are high, such as during the circadian peak
and in response to stress (Conway-Campbell et al., 2007;
Kitchener et al., 2004; Reul & de Kloet, 1985; Reul et al., 1990;
Spencer et al., 1993).

In addition to their effects on metabolism and the immune
system, CORT also regulates its own secretion by a negative
feedback mechanism that involve activation of GR and MR in
various brain regions and in the anterior pituitary.

CORT-mediated negative feedback is fundamental for the
termination of the HPA axis response to stress, and, as we
will discuss later on, is also important for optimal secretion of
CORT in basal (unstressed) conditions. Studies in rodents
have identified two temporal distinct negative feedback
responses: a fast (sec-min) nongenomic and a delayed (hours-
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days) genomic feedback (Dallman & Yates, 1969; Jones et al.,
1977, 1974; Keller-Wood & Dallman, 1984; Osterlund et al.,
2016). The first involves CORT-mediated rapid inhibition of
HPA axis activity though inhibition of CRH and ACTH secre-
tion from the PVN and anterior pituitary, respectively. The
second, on the other hand, involves CORT-induced inhibition
of CRH expression in the PVN, as well as suppression of tran-
scription of the ACTH precursor pro-opiomelanocortin (POMC)
in the pituitary corticotroph cells (de Kloet et al., 2005;
McEwen, 2007). The mechanisms underlying CRH, ACTH and
CORT synthesis and secretion, as well as known mechanisms
of CORT mediated negative feedback at each node of the
HPA axis will be discussed in detail in the next sections.

Rapid changes in CORT secretion are not only observed
after stress, but also occur in basal (non-stressed) conditions
throughout the 24-h cycle. In basal conditions, the pattern of
CORT release is highly dynamic, with a circadian rhythm char-
acterized by high levels of secretion prior to the active phase
(night in the rat and day in humans) and low levels during
the inactive phase (Carnes et al., 1988a; Watts et al., 2004).
CORT secretion is also characterized by an ultradian rhythm, a
high frequency pulsatile secretion, with variable amplitude
through the 24-h cycle. Pulses of CORT with higher amplitude
occur immediately prior to and during the active phase, so
that the circadian changes of CORT are actually due to
changes in the amplitude of CORT pulses during the 24-h
cycle (Jasper & Engeland, 1991; Windle et al., 1998). The ultra-
dian rhythm of CORT in the rat was first observed using intra-
adrenal microdialysis technique (Jasper & Engeland, 1991).
Since then, the use of an automated blood sampling systems
has allowed researchers to study how the CORT ultradian
rhythm changes in physiological and pathological conditions
in the rat (Clark et al., 1986; Windle et al., 1998). Further, ultra-
dian rhythm of CORT has been observed in human and other
several mammals (Fulkerson, 1978; Henley et al., 2009;
Holaday et al., 1977; Lewis et al., 2005). Similarly, pulsatile
secretion of ACTH has also been observed in humans (Henley
et al., 2009), sheep (Apostolakis et al., 1992) and in the rat
(Carnes et al., 1986, 1988b). Importantly, both in human and
in the rat, dynamic changes in CORT are preceded by similar
fluctuations in ACTH concentration in the plasma (Henley
et al., 2009; Jasper & Engeland, 1991). Due to the difficulty of
measuring CRH concentration in the median eminence, as a
result of the very stressful surgery needed for portal blood
sampling in the rat and the low sensitivity of CRH assays, only
a few studies have shed light on the pattern of CRH secretion
in vivo. Nevertheless, pulsatile CRH secretion in the median
eminence has been observed in free-moving rats (Ixart et al.,
1991, 1994). Furthermore, episodic CRH has been shown in
sheep (Engler et al., 1990).

It is noteworthy that, although CRH in rodents is regarded
as the main activator of the HPA axis, in some conditions
ACTH and CORT responses are still observed even in the
absence of CRH stimulation (Muglia et al., 2001). Studies
investigating the pituitary and adrenal responses to stress in
CRH knock out (KO) mice have shown that CRH is essential
for a normal ACTH and CORT response to some stressors,
including restraint and fasting (Muglia et al., 2000). However,
ACTH and CORT responses were observed in CRH KO mice

exposed to more and severe stressors, although these
responses were lower than in CRH expressing mice (Jacobson
et al., 2000). The mechanisms regulating the observed stress
response in the absence of CRH may result from the hyperse-
cretion of other hypothalamic neuropeptides, including vaso-
pressin and oxytocin (Muglia et al., 2001). Indeed, both
spontaneous, as well as vasopressin-induced ACTH secretion
was observed in vitro in corticotroph cells in which CRH was
depleted by selective cytotoxin treatment (Schwartz & Vale,
1988). Although the role of vasopressin in regulating ACTH
secretion in responses to stress is well known (Volpi et al.,
2004), current evidence suggests that vasopressin does not
regulate basal HPA axis activity. Indeed, basal ACTH secretion
was unaltered in vasopressin-deficient Brattleboro rats
(Makara et al., 2004), as well as in mice lacking the vasopres-
sin receptor V1b (Roper et al., 2011). Furthermore, we have
shown that blocking vasopressin actions on the anterior pitu-
itary (using a vasopressin V1b receptor antagonist) has no
effect on basal circadian and ultradian rhythms of cortico-
sterone secretion (Spiga et al., 2009). In addition to vasopres-
sin, HPA axis activity can also be regulated by oxytocin. In
vivo experiments have shown that oxytocin administration
reduces ACTH and CORT levels in rat exposed to stress
(Windle et al., 1997, 2004). Furthermore, blockade of the oxy-
tocin receptor in the brain results in increased basal and
stress-induced ACTH and CORT secretion in the rat (Neumann
et al., 2000), and increased CORT concentrations were found
in oxytocin KO female mice exposed to stress (Amico et al.,
2004). In contrast to its inhibitory effect at central level, in
vitro studies have shown that oxytocin acts at the level of the
pituitary to potentiate the CRH-induced ACTH-secretion
(Gibbs, 1984). Further studies have shown that peripheral
oxytocin increases stress-induced ACTH release (Gibbs, 1986).
Whether physiological levels of oxytocin in unstressed
conditions participate in the regulation of CORT ultradian and
circadian rhythm is not known.

There is growing evidence for the importance of circadian
and ultradian rhythmicity of CORT in maintaining normal
responsiveness to CORT in target tissue (Lightman & Conway-
Campbell, 2010). The regulation of CORT circadian rhythms has
been investigated in detail, and several recent reviews have
addressed this topic (Dickmeis, 2009; Kalsbeek & Fliers, 2017;
Spiga et al., 2014). However, much less is known about the
regulation of CORT ultradian rhythms. In this review, we will
first give an overview on what is known about the mechanisms
underlying glucocorticoid negative feedback within each level
of the HPA axis, both describing known nongenomic and gen-
omic mechanisms. We will then discuss evidence for a periph-
eral CORT pulse generator and discuss how CORT-mediated
negative feedback mechanisms may regulate this pulse gener-
ator. Finally, we will describe recent findings suggesting a role
for FKBP51 in regulating basal CORT secretion, and how the use
of FKBP51 antagonists may represent a therapeutic tool in dis-
ease where hyperactivity of the HPA axis has been observed.

Regulation of CRH synthesis and secretion

CRH produced in PVN neurons is contained within neurose-
cretory vesicles localized in axon terminals in the external
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zone of the median eminence. Activation of neural pathways
afferent to CRH neurons in the PVN causes a rapid calcium
influx that stimulates the fusion of CRH-containing vesicles to
the cell membrane and subsequent release CRH in proximity
of the pituitary portal vasculature (Antoni, 1986).
Concomitant to CRH secretion, activation of CRH neurons
also induces CRH gene transcription, followed by de novo
synthesis of CRH peptide. CRH transcription is induced by the
activation the cAMP/Protein kinase A-regulated pathway, and
depends on the downstream binding of phosphorylated
cAMP-responsive element binding protein (pCREB) to a
cAMP-responsive element (CRE) in the CRH promoter (Liu
et al., 2010; Seasholtz et al., 1988). This is accompanied by
binding of CREB to its co-activator CREB-regulated transcrip-
tional co-activator (CRTC; also known as transducer of regu-
lated CREB activity, TORC) (Aguilera, 2015). While secretion of
CRH allows rapid HPA axis activation and CORT release, de
novo synthesis of CRH peptide is necessary to replenish the
intravesicular CRH store, in order to maintain responsiveness
of the system (Watts, 2005).

There is evidence that CORT can negatively regulate both
CRH synthesis and secretion (Aguilera et al., 2007; Harbuz &
Lightman, 1989; Kovacs & Makara, 1988). Increased CRH
expression in the PVN has been shown in adrenalectomized
rats both in basal conditions and after exposure to stress.
Further, it was shown that in adrenalectomized rats even a
minor stressor is sufficient to increase CRH hnRNA, an effect
that is not observed in intact animals (Dallman et al., 1994;
Lightman & Young, 1988; Ma & Aguilera, 1999). More recent
studies have shown overexpression of CRH mRNA, as well as
hypersecretion of ACTH and CORT in mice with disrupted GR
in the PVN (Laryea et al., 2013). Glucocorticoids regulate the
activity of PVN CRH neurons by inhibiting neuronal pathways
afferent to the PVN (e.g. the, hippocampus, prefrontal cortex
and amygdala). In addition, as GR is highly expressed in CRH-
secreting neurons of the PVN, CORT can exert negative feed-
back directly at the level of the PVN (Fenoglio et al., 2004;
Liposits & Paull, 1989).

Nongenomic effects. In addition to the regulation of CRH
gene expression (described later in this section), CORT can
also exert fast inhibitory effects in the PVN, via nongenomic
mechanisms. The mechanism underlying these effects
involves CORT-induced endocannabinoid release, presumably
via activation of a putative membrane GR (Tasker et al.,
2006). Using whole-cell patch clamp recordings in the hypo-
thalamus, Tasker and colleagues have shown that CORT can
inhibit glutamatergic input to parvocellular neurons of the
PVN, and that this is dependent on post-synaptic G- protein
couples receptors and pre-synaptic type I cannabinoid recep-
tor (Di et al., 2003). The existence of a membrane-associated
G protein-coupled GR regulating rapid negative feedback was
supported by further studies showing that injection of DEX
conjugated to bovine serum albumin (to prevent it from
crossing the cell membrane) prevents stress-induced HPA axis
activation, and this effect is blocked by the co-administration
of a type-I cannabinoid receptor reverse agonist (Evanson
et al., 2010a, 2010b). More recently, the same group has
shown that rapid GR-mediated negative feedback is lost in
GR KO mice, suggesting that GRs in the membrane may

mediate fast feedback, but that a distinct genomic receptor
remains a possibility. On the other hand, they also proposed
that membrane GR is encoded by a different gene, and that
expression of the membrane GR is regulated by the classic
GR (Nahar et al., 2015). In addition to rapid feedback mecha-
nisms in the PVN, CORT-mediated nongenomic negative feed-
back regulation occurs in other brain regions, including the
hippocampus, amygdala and pre-frontal cortex, which in turn
regulate PVN output (Groeneweg et al., 2012).

Genomic effects. The mechanisms underlying glucocorticoid
induced negative regulation of CRH transcription and mRNA
levels are not fully understood. Studies in vitro using AtT-20
cells transfected with the human CRH gene have failed to
show the existence of the classical GRE in the CRH promoter.
However, the same study demonstrates a glucocorticoid-
dependent repression involving direct DNA binding of GR to
a negative GRE (nGRE) within the CRH promoter (Malkoski &
Dorin, 1999; Malkoski et al., 1997). In contrast, Evans and col-
leagues have shown a small decrease in cAMP-induced CRH
hnRNA following CORT incubation in primary cultures of fetal
rat hypothalamic neurones. However, in the same, study
chromatin immuno-precipitation assays showed no difference
in GR-binding to the CRH promoter following restraint stress,
or in basal conditions in adrenalectomized rats compared to
intact animals (Evans et al., 2013). Other studies have demon-
strated that GR does not bind directly the CRH promoter, and
suggest that CORT exerts its regulatory role on CRH transcrip-
tion by inhibiting CREB binding to the CRE within the
CRH promoter, through a mechanisms that involves protein-
protein interactions between GR and CREB (Guardiola-Diaz
et al., 1996; Yamamori et al., 2007).

As we have previously discussed, the activity of pCREB at
the CRH promoter depends on the binding to its co-regula-
tors CRTC, in particular to CRTC2. Under un-stimulated condi-
tions, phosphorylated CRTC2 is located in cytosol, but upon
stimulation, CRTC2 dephosphorylates and translocates to the
nucleus to enhance CREB transcriptional activity (Katoh et al.,
2004; Screaton et al., 2004). In a recent study, Jeanneteau
and colleagues suggest that phosphorylation and nuclear
localization of hypothalamic CRTC2 can be modulated by GR
signaling, via a calmodulin-mediated mechanism. Indeed,
they have shown that both exposure to stress and adminis-
tration of the synthetic glucocorticoid dexamethasone (DEX)
enhance phosphorylation of CRTC2 in mice (Jeanneteau et al.,
2012). In addition to its regulation of CRH transcription, there
is evidence that CORT can regulate CRH translational activity
and CRH mRNA stability (Ma et al., 2001).

Regulation of ACTH synthesis and secretion

CRH secreted in the median eminence activates corticotroph
cells in the anterior pituitary to stimulate ACTH synthesis and
secretion, by both genomic and non-genomic mechanisms.
Genomic effects of CRH involve the transcription of the ACTH
precursor POMC that is then cleaved to ACTH, and stored in
vesicles (Drouin et al., 1987; Gagner & Drouin, 1985). At the
same time, CRH induces the secretion of pre-formed ACTH by
vesicular exocytosis, thus allowing rapid ACTH secretion upon
stimulation.
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Nongenomic mechanisms. CRH binding to CRHR1 leads to
activation of the cAMP/PKA pathway. This results in rapid
phosphorylation of ion channels and increase in calcium
influx, which ultimately causes the fusion of ACTH-containing
vesicle to the cell membrane and exocytosis (Ritchie et al.,
1996). One mechanism through which CORT rapidly inhibits
ACTH secretion is by regulating the electropotential proper-
ties of the electrically excitable corticotroph cells. Upon CRH
stimulation, there is an increase in both bursting and fre-
quency of firing action potentials (Duncan et al., 2015).
Bursting is an important property of corticotroph cells as it
increases intracellular calcium concentrations, and hence the
potential to activate the release of ACTH from vesicles
(Stojilkovic et al., 2005; Tagliavini et al., 2016; Van Goor et al.,
2001). Electrophysiology studies in murine corticotroph cells
showed that under un-stimulated conditions cells fire spon-
taneous spikes, whereas, when stimulated with CRH, the
firing frequency increases, ultimately resulting in bursts.
Bursting-type firing in corticotroph cells is dependent on acti-
vation of large-conductance calcium- and voltage-activated
potassium (BK) channels (Duncan et al., 2015; Tabak et al.,
2011; Tsaneva-Atanasova et al., 2007), therefore it is thought
that activation of BK channels is required for ACTH secretion.
One of the mechanisms by which CORT affects ACTH secre-
tion is by reducing bursting. Duncan et al. have shown that
CORT decreases both spontaneous firing as well as the CRH
-induced bursts (Duncan et al., 2016). Further, the same study
has shown that CORT-mediated reduction in burst firing, and
ACTH release, is BK channel-dependent. The exact mechanism
underlying CORT regulation of BK channels is but does seem
to involve PKA-mediated BK channel phosphorylation (Chen
et al., 2005; Tian et al., 2001, 1998).

The release of ACTH from corticotroph cells is also regu-
lated by the activation of Annexin 1 (ANXA1), a protein pro-
duced in pituitary folliculostellate cells and secreted to act on
endocrine cells via binding its putative receptor, the formyl
peptide receptor. In corticotroph cells ANXA1 inhibits
CRH-driven ACTH secretion, presumably by a mechanism
downstream of cAMP and Ca2þ influx that involves local
reorganization of the actin cytoskeleton (Buckingham et al.,
2006). This ultimately results in decreased ACTH secretion
from vesicles. CORT can inhibit ACTH secretion by promoting
ANXA1 translocation from the cytoplasm to the outer surface
of the plasma membrane (Chapman et al., 2003; John et al.,
2004). In addition to its activity, CORT also regulate ANXA1
expression. However, while CORT-induced translocation of
ANXA1 occurs rapidly and involves post-translational modifi-
cation of the protein (Buckingham et al., 2006), CORT-induced
ANXA1 expression is relatively slow. It is, nevertheless, import-
ant for replenishing the stored ANXA1 that is depleted after
CORT-induced membrane translocation (John et al., 2004).

Genomic mechanisms. CRH-induced activation of the
cAMP/PKA pathway results in phosphorylation of CREB and
subsequent transcription of POMC. In addition, CRH also acti-
vates the MAPK pathway (Kovalovsky et al., 2002) resulting in
activation of the orphan nuclear receptor Nur77 (Philips et al.,
1997). The binding of Nur77 to the NurRE within the POMC
promoter is known to enhance pCREB-mediated gene tran-
scription (Phillips et al., 1997). CORT mediates negative

feedback by inhibiting ACTH synthesis through a mechanism
that requires binding of activated GR to an nGRE within the
POMC promoter (Drouin et al., 1989a, 1989b). In addition, GR
can inhibit Nur77-induced POMC transcription through a pro-
tein–protein interaction mechanism (Martens et al., 2005;
Philips et al., 1997). A recent study suggests an involvement
of NeuroD1 in regulating POMC transcription (Parvin et al.,
2017). In the absence of CORT, NeuroD1 interacts with the
E-box on the POMC promoter and activates transcription
(Poulin et al., 1997). Increased CORT concentration causes a
repression of NeuroD1 expression, and hence less activation
of POMC transcription (Parvin et al., 2017).

Regulation of corticosterone synthesis

ACTH released into the general circulation induces CORT syn-
thesis by activating its specific receptor melanocortin type-2
receptor (MC2R) within steroidogenic cells of the zona fasci-
culata of the adrenal cortex. ACTH binding to MC2R increases
intracellular levels of cAMP, which in turn activates the PKA
pathway. As previously described, CORT is a lipophilic mol-
ecule and therefore cannot be stored in vesicles within cells
but is rapidly (within minutes) synthetized and released after
ACTH stimulation. ACTH regulates nongenomic events such
as post-translational modification of steroidogenic proteins.
This includes phosphorylation (and hence increased activa-
tion) of proteins involved in cholesterol metabolism, namely
hormone-sensitive lipase (HSL) and steroidogenic acute regu-
latory protein (StAR), which regulate the levels of intracellular
cholesterol and its transport within the mitochondrial matrix
where the steroidogenic process is initiated (Kraemer & Shen,
2002; Lin et al., 1995; Stocco & Clark, 1996). Cholesterol
undergoes a series of enzymatic reactions occurring both in
the mitochondria and the smooth endoplasmic reticulum,
which ultimately lead to the synthesis and secretion of CORT.
In parallel to these rapid non-genomic events, ACTH also reg-
ulates the transcription of genes encoding for steroidogenic
proteins, including StAR and CYP11A (the gene encoding for
the cholesterol side-chain cleavage cytochrome protein
P450scc, which catalyzes the cleavage of the cholesterol side-
chain to produce pregnenolone in the mitochondria). ACTH
also regulates the expression of MC2R (Mountjoy et al., 1994),
and the melanocortin receptor accessory protein (MRAP),
which regulates the level and activity of MC2R at the cell sur-
face, and thus the cell's responsiveness to ACTH (Metherell
et al., 2005).

Our recent studies have shown that the adrenal gland
responds rapidly to physiological pulses of ACTH, with pulsa-
tile activation of the steroidogenic pathway. Indeed, we have
recently demonstrated that pulsatile ACTH induces pulsatile
adrenal responses both at non-genomic and genomic level,
including pulsatile phosphorylation of HSL (Spiga et al., 2017)
as well as pulsatile transcription of steroidogenic genes
including StAR, CYP11A and MRAP, and pulsatile phosphoryl-
ation of CREB (Spiga et al., 2011a, 2011b). Interestingly, we
have also shown that pulsatile ACTH dynamically regulates
the transcription of genes encoding for nuclear receptors
involved in the transcription of steroidogenic genes, including
steroidogenic factors 1, Nur77 and DAX-1 (Spiga et al., 2017).
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These findings indicate that ultradian secretion of ACTH is
important not only for a rapid acute CORT response, but also
the long-term maintenance of the steroidogenic activity
under basal conditions.

In humans GR is expressed in the adrenal cortex, with
functions parallel to that found in other tissues (Briassoulis
et al., 2011; Spiga et al., 2017). This suggests that, in addition
to its effect in the pituitary and hypothalamus, CORT could
affect its own synthesis by a local feedback mechanism
within the adrenal itself. Indeed, a number of in vitro and in
vivo studies have shown that prior exposure of the adrenal
gland to glucocorticoids results in a decreased response to
ACTH. For example, CORT synthesis in response to ACTH is
reduced in cultured adrenal cells treated with high levels of
CORT or DEX (Carsia & Malamed, 1979; Chong et al., 2017;
Peron, 1960). These findings are consistent with studies show-
ing lower responses to ACTH in adrenals collected from hypo-
physectomized rats treated with CORT, when compared with
adrenals from untreated rats (Langecker & Lurie, 1957). Other
studies have shown that pretreatment with CORT prevents
ACTH-induced CORT increase in adrenal vein effluent (Black
et al., 1961; Richards & Pruitt, 1957). Furthermore, pretreat-
ment with ACTH prevents CORT response to further stimuli in
the rat (Desouza & Vanloon, 1982; Stockham, 1964). These
data are in keeping with an intra-adrenal CORT negative feed-
back loop that could constitute an additional GR regulated
control mechanism for steroidogenesis.

Genomic effects. A number of studies have shown that
CORT can affect steroid synthesis in the adrenal gland both
in vitro (Carsia & Malamed, 1979; Peron et al., 1960) and in
vivo (Jones & Stockham, 1966; Langecker & Lurie, 1957).
However, the molecular mechanism underlying CORT-medi-
ated inhibition of steroidogenesis is not clear. There is evi-
dence that, at genomic level, the synthetic glucocorticoid
dexamethasone can inhibit the transcription of steroidogenic
genes through a mechanism that involves increase in
the expression of the steroidogenic co-repressor DAX-1
(Gummow et al., 2006). Furthermore, as observed in the pitu-
itary for POMC transcription, CORT can also repress the tran-
scription of StAR by inhibiting both the transcription and the
activity of Nur77 via a mechanism that involves active GR
(Martin & Tremblay, 2008; Song et al., 2004). In addition to its
role in regulating CRH transcription as previously described
for CRH, CRTC2 also regulates CREB-mediate transcription of
steroidogenic genes in the adrenal cortex (Takemori et al.,
2007; Takemori & Okamoto, 2008). As previously discussed,
nuclear localization of CRTC is essential for its function and a
recent study has shown that is inhibited by CORT
(Jeanneteau et al., 2012). Whether CORT can affect CRTC2
activity in the adrenal cortex is not known, however it is
tempting to speculate that this could represent an additional
mechanism of CORT-mediated intra-adrenal nega-
tive feedback.

Nongenomic effects. Further studies using both mathemat-
ical modeling and experimental work in the rat have pro-
vided evidence for the existence of a mechanism by which
CORT can rapidly inhibit its own synthesis and/or secretion
(Spiga et al., 2017; Walker et al., 2015). This suggests that, in
addition to the genomic effects of CORT on StAR

transcription, CORT may also regulate its own synthesis by
interfering with non-genomic mechanisms within the adrenal
steroidogenic pathway. The biological processes underlying
this rapid self-inhibition are not known, but we have shown
that administration of pulsatile ACTH in the rat does lead to
a rapid increase in intra-adrenal CORT concentrations that is
followed by a dynamic activation of GR (measured as GR
phosphorylation at Serine 211) (Spiga et al., 2017). Although
to date there is no evidence that CORT can regulate the
activity of steroidogenic proteins, CORT can exert nonge-
nomic effects by associating with the catalytic subunit of PKA
and regulating its activity (Doucas et al., 2000).

Rapid non-genomic effects of CORT in the anterior pituit-
ary involve inhibition of ANXA1 (Taylor et al., 1995) and inter-
estingly, ANXA1 has also been identified in the adrenal
cortex, where its expression and activity is regulated by CORT
(Davies et al., 2008). Importantly, the same study has shown a
greater CORT response to ACTH stimulation in isolated
adrenal gland obtained from ANXA1-null mice, compared to
adrenal obtained from WT mice. This suggests that, as well as
regulating ACTH secretion, ANXA1 may also be involved in
the regulation of CORT synthesis and play a role in CORT-
mediated intra adrenal negative feedback (Spiga &
Lightman, 2015).

It is noteworthy that in addition to ACTH, the steroido-
genic activity of the adrenal gland is also regulated by other
factors, including neural and humoral factors. Studies in the
rat have shown that splanchnic innervation regulates CORT
secretion differently depending in the activity state of the
adrenal. While adrenal splanchnic innervation increases
adrenal sensitivity to ACTH under stress conditions (i.e. when
the HPA axis is activated), the opposite effect is observed in
basal unstressed conditions (Jasper & Engeland, 1994). The
splanchnic regulatory effect on adrenal responsiveness not
only affects circadian rhythm of CORT (Ulrich-Lai et al., 2006),
but also affect pulsatile pattern of CORT. Indeed, splanchnic
denervation results in increased frequency and amplitude of
CORT pulses in the rat (Jasper & Engeland, 1994). The mecha-
nisms underlying these effects are not fully understood.
Studies have shown no effect of the splanchnic input on the
levels of the steroidogenic protein StAR (Ulrich-Lai et al.,
2006). Splanchnic adrenal innervation has profound effects
on catecholamine secretion and on adrenal blood flow that
may affect the intra-adrenal levels of ACTH. In addition to
splanchnic inputs, other extra-ACTH mechanisms can control
adrenal CORT secretion, including pro-inflammatory cytokines
and metabolic factors (e.g. leptin, insulin, glucagon)
(Bornstein & Chrousos, 1999).

Regulation of glucocorticoid pulsatility: the
pituitary-adrenal pulse generator

It is well established that the suprachiasmatic nucleus (SCN)
of the ventral hypothalamus controls the circadian rhythm of
CORT (Kalsbeek et al., 2012). Indeed, in rodents, lesion of the
SCN causes complete loss of the circadian pattern of cortico-
sterone secretion with increased levels in the morning (Cascio
et al., 1987; Sage et al., 2001; Szafarczyk et al., 1979). Studies
in SCN-lesioned rats, or in rats kept in constant light for
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several weeks, showed that, although circadian CORT rhythm
was abolished their CORT pulsatile pattern was maintained
(Waite et al., 2012). These observations led to further investi-
gation on the mechanisms by which ultradian CORT rhythm
is generated and maintained, and this review will address this
topic in detail.

It has been assumed for many years that the ultradian
rhythm of CORT secretion is under hypothalamic regulation, as
observed for other hormones such as luteinizing hormone
(LH) and growth hormone (GH), whose pulsatile pattern is the
result of pulsatile secretion of their respective hypothalamic
releasing factors (Belchetz et al., 1978; Clarke & Cummins,
1982; Plotsky & Vale, 1985). CRH is the main neuropeptide reg-
ulating basal ACTH secretion in the rat, and, because episodic
release of CRH has also been shown in the rat (Ixart et al.,
1991, 1993, 1994) (Figure 1), the existence of a hypothalamic
CRH pulse generator was not questioned. However, there is a
mismatch between the pulse frequency of CRH (3 pulses/hour)
and the pulse frequency of ACTH and corticosterone (�1
pulse/hour). The existence of the hypothalamic pulse gener-
ator was further questioned in light of data showing that, des-
pite a small decrease in mean ACTH levels, blockade of CRH
release using a CRF antagonist did not significantly affect the
frequency, duration and amplitude of ACTH pulses (Negrovilar
et al., 1987). Further, a study in the sheep demonstrated main-
tenance of the ultradian rhythm of CORT even in absence of
PVN-mediated regulation of the pituitary (Engler et al., 1990).
Motivated by this evidence, we addressed this matter using an

interdisciplinary approach of mathematical modeling and in
vivo experimental work in the rat (Figure 2). The findings of
these studies support the hypothesis that the ultradian CORT
rhythm occurs independently of central hypothalamic control
and depends on dynamic pituitary-adrenal interactions (Walker
et al., 2012, 2010). This mechanism is based on the ACTH-
dependent positive feedforward drive regulating adrenal
synthesis and secretion of CORT, and the CORT-mediated
negative feedback that regulates ACTH secretion at the level
of the anterior pituitary. What makes this feedforward–feed-
back loop result in pulsatile activity is the existence of time-
delays in the secretory response of the adrenal in response to
ACTH stimulation, and in the negative feedback mechanism
inhibiting ACTH secretion at the level of the pituitary. The
pulse of CORT that follows each ACTH pulse has been well
characterized both in the rat (Carnes et al., 1986; Spiga et al.,
2017; Walker et al., 2015, 2012) and in humans (Henley et al.,
2009). Since CORT cannot be pre-synthesized and stored
within adrenal steroidogenic cells due to its lipophilic nature
(in contrast to peptides hormones such as CRH and ACTH),
the delay in the feedforward drive is due to the time needed
by the adrenal for de novo synthesis of CORT in response to
ACTH. In contrast, the mechanisms regulating fast CORT nega-
tive feedback still remains to be fully characterized, but evi-
dence suggests the involvement of GR (Deng et al., 2015;
Spiga et al., 2017; Walker et al., 2015).

Using mathematical modeling to elucidate the dynamic
interaction between the pituitary and the adrenal gland we

Figure 1. Ultradian rhythms of the hypothalamic–pituitary–adrenal (HPA) axis and glucocorticoid rhythms. The hypothalamic paraventricular nucleus (PVN) receives
circadian input from the suprachiasmatic nucleus of the hypothalamus and stress inputs from the brainstem and from regions of the limbic system such as the
hippocampus and amygdala. The PVN projects to the median eminence where it releases corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP)
into the hypothalamic-pituitary portal circulation. CRH passes through this vascular route to access corticotroph cells in the anterior pituitary, which respond with
the rapid release of adrenocorticotropic hormone (ACTH) from preformed vesicles into the general circulation. In turn, ACTH reaches the adrenal cortex where it acti-
vates the synthesis and secretion of glucocorticoid hormones (CORT). CORT regulate the activity of the HPA axis, and thus their own production, through feedback
mechanisms acting at the level of the pituitary gland where they inhibit ACTH release, and at the level of the PVN where they inhibit the release of CRH and AVP.
Under basal (i.e., unstressed) conditions, an ultradian pattern of secretion underlies all the components of the HPA axis. Note that in the rat, CRH pulse frequency is
higher (�3 pulses/h) than the near-hourly oscillation in ACTH and CORT. Reproduced with permission from (Spiga et al., 2014).
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have been able to demonstrate the importance of the level,
rather than the pattern, of CRH seen by the pituitary, for gen-
erating pulsatile ACTH and CORT (Walker et al., 2010).
Consistent with our hypothesis of a sub-hypothalamic pulse
generator the mathematical model predicted that the pitui-
tary–adrenal system can indeed support self-sustained ACTH
and CORT oscillations, but only when CRH is at ‘physiological’
levels (e.g., during the circadian peak of HPA axis activity),
whereas ACTH and CORT oscillations are lost at higher ‘stress-
equivalent’ levels of constant CRH as has been observed in
vivo following exposure to an acute stressor (Muglia et al.,
1997; Windle et al., 1998). The validity of the prediction of
the mathematical model was further confirmed in vivo in the
rat by investigating the dynamics of ACTH and CORT in
response to constant CRH stimulation. We showed that a con-
stant infusion of a low dose of CRH (0.5 mg/h) results in pulsa-
tile CORT secretion, and importantly the hourly frequency of
the CRH-induced pulses is comparable to endogenous
physiological pulses measured in the active phase in
untreated rats. However, in agreement with the model pre-
dictions, the study also showed that pulsatile secretion of
CORT is lost with constant infusion CRH at higher doses
(1.0 mg and 2.5mg/h). Our experiments also confirmed the
model prediction that in rats infused with low CRH each
pulse of ACTH is followed by a pulse of CORT (Walker et al.,
2012). The prediction of our mathematical model of a pituit-
ary-adrenal pulse generator was also confirmed in vitro. A
more recent study using cultured rat anterior pituitary cells
perifused with constant levels of CRH has shown that CRH-
induced ACTH secretion is indeed subjected to rapid inhib-
ition after incubation with a pulse of CORT, resulting is pulsa-
tile ACTH secretion. Consistent with our hypothesis, the same
study also suggests that the CORT effect on ACTH secretion

is independent from gene transcription, and relies on a rapid
non-genomic mechanism that involves the activation of a cell
membrane-associated GR in anterior pituitary corticotroph
cells (Deng et al., 2015).

Although CRH is the predominant ACTH secretagogue in
humans and the rat, its ability to stimulate ACTH secretion
can be potentiated by other hypothalamic neuropeptides,
including vasopressin and oxytocin. However, our in vivo data
on rats infused with constant low CRH alone show consist-
ency between animals in the timing of the initial CORT
response to CRH, and subsequent synchrony in CORT oscilla-
tion throughout the infusion.

The role of FKBP51 in regulating glucocorticoid
negative feedback

Glucocorticoids are lipophilic and therefore can rapidly cross
the cell membrane and bind the GR and MR in the cytosol.
This results in conformational changes that lead to nuclear
translocation of the receptors and their binding to DNA, with
subsequent activation or repression of target genes
(Scheschowitsch et al., 2017). In their inactive state, GR and
MR are predominately found in the cytosol, bound to chaper-
one proteins including the heat shock proteins hsp90, hsp70
and hsp23, and to immunophilins belonging to the FK506
binding-protein family, including FKBP51 and FKBP52
(encoded by the fkbp5 and fkbp4 genes, respectively;
(Echeverria et al., 2009; Riggs et al., 2003). Heat-shock pro-
teins are involved in GR and MR intracellular trafficking, fold-
ing and activation (Pratt et al., 2004), whereas FKBP51 and
FKBP52 regulate GR and MR affinity for CORT and nuclear
translocation (Kirschke et al., 2014; Vandevyver et al., 2012).
The conformational changes induced by the binding of CORT

Figure 2. Mathematical modeling predictions and experimental data illustrating the pituitary-adrenal response to different levels of constant CRH drive. (A)
Computed two-parameter bifurcation diagram shows that different combinations of constant CRH drive and adrenal delay result in qualitatively different dynamic
responses from the pituitary–adrenal system. On one side of the transition curve, the pituitary–adrenal system responds with oscillations in ACTH and glucocorticoids
(CORT), despite the fact that the CRH drive is constant (point B). On the other side of the transition curve, the pituitary-adrenal system responds with steady state
levels in ACTH and CORT (point C). (B) Model predictions for ACTH (gray) and CORT (black) corresponding to point B (oscillation) and point C (steady state) in panel
(A). (C) Constant infusion of low and high doses of CRH induces pulsatile or constant secretion of CORT, respectively. In line with the modeling hypothesis, constant
infusion of a low dose of CRH (0.5lg/h) induces ultradian corticosterone oscillations that persist throughout the infusion period (top graph). In contrast constant
infusion of a high-dose CRH (5 lg/h) results in constant secretion of CORT (bottom graph). Samples were collected every 5min from a freely behaving male rat using
an automated blood sampling system. Grey bar indicates the period of infusion. Reproduced with permission from (Spiga et al., 2014).
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to MR and GR causes FKBP51 to dissociate and FKBP52 to
bind (Figure 3). This allows the receptors to bind the nuclear
transporter dynein and to translocate in the nucleus
(Echeverria et al., 2009; Riggs et al., 2003). In addition to its
role in GR and MR translocation, FKBP51 is also involved in
regulating kinases, including AKT (Fabian et al., 2013) and
GSK3b (Gassen et al., 2016), both involved in regulating GR
activity (Rogatsky et al., 1998; Stechschulte et al., 2014).

Many studies have focused on investigating the molecular
mechanism underlying dysregulation of the HPA axis, and
subsequent imbalances in CORT production, as seen in psy-
chiatric diseases such as major depression, bipolar disorders,
post-traumatic stress disorder (PTSD), schizophrenia, and anx-
iety disorders (de Kloet et al., 2005; Holsboer, 2000). It is
thought that an abnormally enhanced activity of the HPA
axis in these disorders results in the failure to adequately ter-
minate the stress response and results in a state of hypersen-
sitivity to stress-related activities. This is mainly thought to be
due to a dysfunctional negative feedback response (de Kloet
et al., 2005) involving a malfunction of GR activity
(Holsboer, 2000).

The discovery that FKBP51 and FKBP52 have opposite
effects on GR activity (Riggs et al., 2003; Wochnik et al.,
2005), together with studies showing GC resistance in non-
human primates spontaneously over expressing the FKBP5

gene (Reynolds et al., 1999; Scammell et al., 2001) led to the
intriguing hypothesis that increased expression of FKBP51
may be associated with HPA axis hyperactivity in humans.
Binder and colleagues were the first to show an association
between certain single nucleotide polymorphisms (SNPs) in
the FKBP5 gene and the responsiveness to antidepressant
therapy in patients with major depressive disorders (Binder
et al., 2004). The same group also showed that the poly-
morphism were correlated with the outcome of the dexa-
methasone-CRH (DEX-CRH) test, where individuals with SNPs
causing higher intracellular protein levels of the FKBP51
showed elevated ACTH and CORT levels (Binder, 2009; Binder
et al., 2004). A number of clinical studies have also showed a
correlation between FKBP5 gene variants and the effective-
ness of antidepressant treatment (Kirchheiner et al., 2008;
Laje et al., 2009; Lekman et al., 2008; Zou et al., 2010). The
minor T allele of the FKBP5 SNP, FKBP5 rs1360780 (C/T) has
been correlated with depression in men. The functional effect
of this allele is overexpression of the FKBP5 gene by
enhanced binding of the TATA box, which will result in
increased FKBP51 protein and enhanced HPA axis activity.
(Lavebratt et al., 2010; Lekman et al., 2008; Velders et al.,
2011; Willour et al., 2009). Importantly, a higher incidence of
suicidal events has been reported in patients with the
rs1360780TT and with another allele, which causes increased

Figure 3. Hypothetical mechanisms underlying the effects of a FKBP51 antagonist administration on HPA axis activity. GR is normally localized in the cytosol in a
complex with chaperone proteins including FKBP51. CORT increased during stress or at circadian peak induces the detachment of GR from FKBP51 and its binding
to FKBP52, leading to GR nuclear translocation and binding to DNA. GR expressed in the anterior pituitary and PVN regulates CORT negative feedback by reducing
POMC and CRH synthesis, respectively. Treatment with a FKBP51 will facilitate GR binding to FKBP52 thus GR genomic effect and negative feedback inhibition. This
will ultimately result in decreased CORT secretion, and presumably in changes in ultradian rhythmicity.
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FKBP5 expression, rs3800373GG (Brent et al., 2010; Roy et al.,
2010; Supriyanto et al., 2011; Willour et al., 2009). Another
study also found that patients with the rs1360780TT and
rs3800373GG genotype had impaired normalization of the
stress-induced cortisol increase from psychosocial stress (Ising
et al., 2008). These studies suggest that individuals with nat-
urally lower levels of FKBP51 recover faster from depressive
states following stress, whereas individuals with naturally
higher levels of FKBP51 show a slower recovery subsequent
to stress, and consequently a higher risk of developing psy-
chiatric disorders such as depression. Depressed patients with
hyperactivity of the HPA axis exhibit larger pulses of CORT
throughout the 24-h period (Oster et al., 2017). It is therefore
possible that the observed changes in pulsatility are linked to
overexpression of FKBP51 in these patients, which result in
loss of CORT-mediated negative feedback. Interestingly,
FKBP5 is a CORT-regulated gene and its expression increases
in response to elevated CORT, forming an ultra-short intra-
cellular negative feedback loop.

In both mice and rats, FKBP51 is expressed in several brain
areas involved in HPA axis regulation, including the PVN,
amygdala, hippocampus, dorsal raphe, and prefrontal cortex
(Scharf et al., 2011; Yang et al., 2012), in which GR is also
highly expressed. Studies in rodents have shown that FKBP5
mRNA expression is up-regulated in the amygdala and PVN
following acute and prolonged stress (O’Leary et al., 2013;
Scharf et al., 2011). In attempts to further elucidate a poten-
tial mechanism for FKBP51-mediated alterations of HPA axis
activity, animal studies using FKBP51 gene overexpression or
knockout mice have been performed. Profound effects on
HPA axis activity were observed in FKBP51 KO mice with
lower basal and stress induced CORT levels (Hartmann et al.,
2012; Hoeijmakers et al., 2014). Consistent with this, mice
treated with a highly specific FKBP51 antagonist show
decreased basal CORT secretion (Gaali et al., 2015). This fur-
ther supports the hypothesis of an involvement of FKBP51 in
the regulation of the HPA axis activity (Binder, 2009). Given
the role of FKBP51 in regulating HPA axis activity it is pos-
sible that changes in FKBP51 activity and/or expression lead
to changes in the pulsatile pattern of CORT. Studies aimed to
elucidate this are currently ongoing, and the data obtained
will be extremely important to evaluate whether using antag-
onists of FKBP51 represents a valid pharmaceutical tool to
treat disorders in which HPA axis hyperactivity has
been observed.

Summary and conclusion

We have discussed the evidence for CORT-mediated negative
feedback at the level of CRH and ACTH synthesis, as well as
within the adrenal gland steroidogenic pathway. We have
provided evidence from both mathematical modeling and
experimental in vivo and in vitro studies, that pulsatility of
ACTH and CORT is observed even with constant levels of
CRH. This has challenged the long-standing hypothesis of a
hypothalamic pulse generator-generating pulsatile CRH- to
create downstream pulsatile secretion of ACTH and CORT.
This suggests there must be a different role for the pulsatile
pattern of CRH that has been observed in several species,

including the rat. One possibility is that pulsatile CRH release
is important for maintaining responsiveness of the pituitar-
y–adrenal system. Indeed, it has been shown that sustained
levels of CRH can result in a down regulation and desensitiza-
tion of CRH receptors (Aguilera et al., 2004). CORT negative
feed-back can of course still regulate CRH secretion and affect
CORT pulsatility, as changes in the levels of CRH, both below
and above physiological levels, will result in loss of ACTH and
CORT pulsatility (Walker et al., 2010). How the pulsatile pat-
tern of CRH modulates and interacts with the endogenously
pulsatile pituitary–adrenal system is currently under active
investigation.

It has been clear for some time that abnormalities of CORT
release occur in several disorders of mental function such as
depression and anxiety, and polymorphism in the gene that
encodes the GR-regulating protein FKBP51 is associated with
increased risk for these disorders. The mechanism remains
unclear but it appears that increased levels of FKBP51 inhibit
GR-mediated negative feedback and may be involved in
increased CORT concentrations. Further research on the role
of GR-mediated regulation of ultradian rhythms and CORT
negative feedback should contribute to further knowledge of
the mechanism and potential treatment options for mental
disorders associated with dysregulated HPA axis activity.
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