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A new model for the HPA axis explains
dysregulation of stress hormones on the timescale

of weeks

Omer Karin

Abstract

Stress activates a complex network of hormones known as the
hypothalamic—pituitary—adrenal (HPA) axis. The HPA axis is dysreg-
ulated in chronic stress and psychiatric disorders, but the origin of
this dysregulation is unclear and cannot be explained by current
HPA models. To address this, we developed a mathematical model
for the HPA axis that incorporates changes in the total functional
mass of the HPA hormone-secreting glands. The mass changes are
caused by HPA hormones which act as growth factors for the
glands in the axis. We find that the HPA axis shows the property of
dynamical compensation, where gland masses adjust over weeks
to buffer variation in physiological parameters. These mass
changes explain the experimental findings on dysregulation of
cortisol and ACTH dynamics in alcoholism, anorexia, and postpar-
tum. Dysregulation occurs for a wide range of parameters and is
exacerbated by impaired glucocorticoid receptor (GR) feedback,
providing an explanation for the implication of GR in mood disor-
ders. These findings suggest that gland-mass dynamics may play
an important role in the pathophysiology of stress-related disor-
ders.

Keywords dynamical compensation; exact adaptation; endocrine circuits;
mathematical models of disease; systems medicine

Subject Categories Computational Biology; Signal Transduction

DOI 10.15252/msb.20209510 | Received 11 February 2020 | Revised 8 June
2020 | Accepted 9 June 2020

Mol Syst Biol. (2020) 16: €9510

Introduction

A major hormone system that responds to stress is the HPA axis
(Tsigos & Chrousos, 2002; Hosseinichimeh et al, 2015; Melmed
et al, 2015; Zavala et al, 2019). Activation of the HPA axis results in
the secretion of cortisol, which has receptors in almost all cell types,
and exerts widespread effects on metabolism, immunity, and behav-
ior, to help the organism cope with stress. The HPA axis is orga-
nized in a cascade of hormones (Fig 1A): physiological and
psychological stresses cause secretion of CRH from the
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hypothalamus (H in Fig 1A). CRH causes the pituitary corticotroph
cells to secrete ACTH, which in turn causes the adrenal cortex to
secrete cortisol. Cortisol negatively feeds back on the secretion of
the two upstream hormones.

The HPA axis is dysregulated in a wide range of physiological
and pathological conditions. HPA dysregulation is measured by
an assay of HPA function called the CRH test. In the CRH test,
CRH is administered and cortisol and ACTH dynamics are
measured for a few hours (Fig 1B). Major depression is associ-
ated with a blunted (reduced) ACTH response (Holsboer et al,
1984; Gold et al, 1986b; von Bardeleben & Holsboer, 1989) in the
CRH test (Fig 1C), as well as with elevated baseline cortisol
(Murphy, 1991). Elevated cortisol and blunted ACTH responses
are also observed in other conditions that involve prolonged HPA
axis activation (Fig 1D), including anorexia nervosa (Gold et al,
1986a), alcohol abuse disorder (von Bardeleben et al, 1989), and
pregnancy (Magiakou et al, 1996).

In these conditions, one can see three stages of HPA axis dysreg-
ulation after HPA over-activation stops (e.g., by weight normaliza-
tion after anorexia, cessation of alcohol consumption, and
childbirth, respectively). The stages are defined in Fig 1D. The first
stage occurs right after the over-activation stops. In this early with-
drawal stage, ACTH is blunted and cortisol is high. In the second
stage of intermediate withdrawal, which occurs 2-6 weeks after
resolution of HPA over-activation, cortisol returns to baseline levels
but ACTH remains blunted. This ACTH blunting may be causal for
some of the clinical aspects of these conditions, since ACTH is co-
regulated with beta-endorphin that modulates pain and mood
(Guillemin et al, 1977; Vale et al, 1981; Marrazzi & Luby, 1986;
Adinoff et al, 2005; Racz et al, 2008; Pecina et al, 2019). In the third
stage, months after withdrawal, both ACTH and cortisol normalize
(for alcohol abuse disorder this time-point was not measured in von
Bardeleben et al, 1989; Fig 1D).

The dysregulation of the HPA axis is not explained by the exist-
ing mechanistic models of the HPA axis. The models cannot show
the middle withdrawal phase with persistent blunting of ACTH
responses despite the resolution of hypercortisolemia. This is
because in current models, the dynamics of ACTH are strongly asso-
ciated with the dynamics of cortisol, and so once cortisol normal-
izes, so should ACTH, within minutes to hours. Likewise, current
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Figure 1. After prolonged stress, ACTH response is blunted for weeks after cortisol response normalizes.

A Schema of the classic HPA axis. CRH causes the secretion of ACTH and cortisol.

B In the CRH test, the secretion of these hormones is measured after CRH administration.
C Patients suffering from major depressive disorder (MDD) show a blunted ACTH response to CRH (black line, N = 10), compared with controls (gray line, N = 10)—

data from (von Bardeleben et al, 1988), shown are mean =+ SEM.

D Patients suffering from anorexia and admitted to treatment show a blunted ACTH response and hypercortisolemia, which resolves within 6-24 months after weight
normalization—data from Gold et al (1986a). However, 3—-4 weeks after weight normalization, cortisol dynamics are normal whereas ACTH dynamics are blunted.
Pregnancy is associated with elevated cortisol levels due to CRH secretion by the placenta. 3 weeks after delivery, cortisol levels and dynamics return to normal,
whereas ACTH dynamics are blunted—data from Magiakou et al (1996). After 12 weeks, ACTH dynamics normalize as well. Individuals recovering from alcohol abuse
show hypercortisolemia and blunted ACTH response after admission—data from von Bardeleben et al (1989). After 2-6 weeks, these individuals show normal cortisol
dynamics, but blunted ACTH responses persist. In all panels, control patient data are denoted by thin gray line (Anorexia: N = 13. Pregnancy: N was unspecified.
Alcohol abuse disorder: N = 11), and case data by a thicker black line (Anorexia: left panel, N = 9, center panel, N = 5, right panel, N = 6. Pregnancy: N = 17. Alcohol

abuse disorder: N = 20). Shown are mean + SEM for all panels.

models cannot explain how a deficient ACTH response produces a
normal cortisol response, given that ACTH is the main regulator of
cortisol secretion. Explaining this dysregulation requires a process
on the scale of weeks that decouples the dynamics of ACTH and
cortisol. This timescale cannot be readily explained by existing
models of the HPA axis, where the relevant timescale is the lifetime
of hormones, which is minutes to hours (Bingzheng et al, 1990).
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One important process with potentially a timescale of weeks is
epigenetic regulation of the sensitivity of the cortisol receptor GR
(glucocorticoid receptor) (Schaaf & Cidlowski, 2002; McGowan
et al, 2009; Turner et al, 2010; Anacker et al, 2011; Cohen et al,
2012, 20; Watkeys et al, 2018). This process, however, cannot
explain, on its own, the observed dysregulation. The reason is that
GR resistance does not break the association between ACTH and
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cortisol: GR resistance should cause both ACTH and cortisol levels
to increase, in contrast to the observed ACTH blunting.

Here, we provide a mechanism for HPA axis dysregulation, and
more generally for HPA dynamics on the time-scale of weeks. To do
so, we add to the classic model two additional interactions which
are experimentally characterized but have not been considered on
the systems level. These are the interactions in which the HPA
hormones act as the primary growth factors for the cells in their
downstream glands. This causes the functional mass of the HPA
glands to change over time, where by “functional mass of a gland”
we mean the total capacity of the cells for the secretion of a
hormone. A large body of research, beginning with Hans Selye in
the 1930s, showed that the mass and number of adrenal cortisol-
secreting cells increases under stress. Subsequent studies estab-
lished the role of ACTH as the principle regulator of the functional
mass of the adrenal cortex (Swann, 1940; Lotfi & de Mendonca,
2016). Imaging and postmortem studies also showed that adrenal
mass increases in humans suffering from major depression (Amster-
dam et al, 1987; Dorovini-Zis & Zis, 1987; Nemeroff et al, 1992;
Szigethy et al, 1994; Rubin et al, 1996; Dumser et al, 1998; Lude-
scher et al, 2008) and returns to its original size after remission
(Rubin et al, 1995).

Similarly, CRH causes the growth of pituitary corticotrophs that
secrete ACTH. Prolonged administration of CRH, or a CRH-secreting
tumor, leads to increases in corticotroph cell mass (Carey et al,
1984; Westlund et al, 1985; Schteingart et al, 1986; Gertz et al,
1987; Horvath, 1988; Asa et al, 1992; O’Brien et al, 1992) as well as
ACTH output (Bruhn et al, 1984; Young & Akil, 1985). Adrenalec-
tomy, which removes the negative feedback inhibition from the
HPA axis, shows similar effects in rodents (Bruhn et al, 1984;
Westlund et al, 1985; McNicol et al, 1988; Gulyas et al, 1991) and
leads to increased proliferation of corticotrophs (Gulyas et al, 1991),
which is potentiated by CRH treatment.

Changes in functional masses can occur by hypertrophy (en-
larged cells) and/or hyperplasia (more cells); the exact mechanism
does not matter for the present analysis. The changes in functional
mass take weeks, due to the slow turnover time of cell mass. Such
changes in functional mass have been shown in other hormonal
axes (the insulin-glucose system) to provide important functions,
including dynamical compensation, in which gland-mass changes
buffer variations in physiological parameters (Topp et al, 2000; Ha
et al, 2016; Karin et al, 2016).

We therefore asked whether the interplay of interactions between
hormones and gland mass in the HPA axis can explain the observed
dysregulation of the HPA axis on the timescale of weeks in the
pathological and physiological situations mentioned above. We also
tested other putative slow processes such as epigenetic regulation of
GR (and more generally, GR resistance), slow changes in the input
signal, or changes in the removal rate of cortisol.

Our model incorporates both the hormonal interactions and
the gland-mass dynamics in the HPA axis. The model includes
cortisol feedback through the high-affinity cortisol receptor MR
(mineralocorticoid receptor) and the low-affinity receptor GR. We
find that prolonged HPA activation enlarges the functional masses
of the pituitary corticotrophs and adrenal cortex and that the
recovery of these functional masses takes weeks after stress is
removed. The dynamics of this recovery explains the observed
HPA dysregulation: ACTH responses remain blunted for weeks
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after cortisol has normalized. Other putative slow processes that
we tested cannot explain this dysregulation because they do not
break the strong association between ACTH and cortisol. We
further show that the GR protects the HPA axis against this
dysregulation after high levels of stress, providing an explanation
for the association between deficient GR feedback and depression.
Finally, we demonstrate the physiological advantages conferred
by the control of functional mass. Thus, functional mass changes
provide an integrated explanation of HPA dysregulation and
dynamics on the scale of weeks to months.

Results

A model for HPA axis dynamics that includes functional mass
changes

We begin by showing that the classic HPA model cannot produce
the observed dysregulation. We then add new equations for the
gland masses and show that they are sufficient to explain the
dysregulation.

The classical understanding of the HPA model is described by
several minimal models (Gupta et al, 2007; Sriram et al, 2012;
Andersen et al, 2013; Bangsgaard & Ottesen, 2017). These models
are designed to address the timescale of hours to days and capture
HPA dynamics on this timescale including circadian and ultradian
rhythms. The input to these HPA models is the combined effects of
physical and psychological stresses, including low blood glucose,
low blood pressure, inflammation signals, psychological stressors,
or effects of drugs such as alcohol. All inputs acting at a given time-
point are considered as a combined input signal which we denote as
1. The concentration of the three hormones CRH, ACTH, and corti-
sol are x;, X,, x3. The three-hormone cascade, with feedback by x3,
is described by

dx

(Ttl =kigi(x3)u —wixy 1)

dx

(TZ = ka8 (x3)x1 — WX, (2)
t

dx

T; = k3xy — w3x; (3)

where the hormone secretion parameters are ki, k,, k3, and
hormone removal rates are w;, w,, ws;. Hormone half-lives, given by
log 2/w;, are 4 minutes for x;, 20 minutes for x,, and 80 min for x;
(Bingzheng et al, 1990; Table 1). The feedback functions g; (x3) and
&>(x3) are Hill functions which describe the negative effect of cortisol
on secretion of x; and x, (see Materials and Methods).

These equations have a single stable steady-state solution
(Andersen et al, 2013). Their response to prolonged stress, namely
a pulse of input u(t) that lasts for a few weeks, shows elevated
hormones during the stress, and a return to baseline within hours
after the stress is over. Figure 2A shows a simulated CRH test, in
which external CRH is added at a given time-point. ACTH shows no
blunted ACTH responses in either early, intermediate, or late with-
drawal phases (Fig 2A). This behavior can also be shown analyti-
cally (Materials and Methods).
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Table 1. Parameter values.

Parameter Value

w, 0.17/min (Andersen et al, 2013)
W 0.035/min (Andersen et al, 2013)
w3 0.0086/min (Andersen et al, 2013)
we 0.099/day

Wa 0.049/day

Kor 4

WeRHe 0.016/min (Saphier et al, 1992)
w 30 min

D 20

We, 0.023/day

S 1

We 0.023/day

n 3 (Andersen et al, 2013)

To describe HPA dynamics over weeks, we add to the classic
model two interactions between the hormones and the total
functional mass of the cells that secrete these hormones. We
introduce two new variables, the functional mass of the corti-
cotrophs, C(t), and the functional mass of the adrenal cells that
secrete cortisol, A(t). To focus on the role of the mass, we sepa-
rate the secretion parameters into a product of secretion per cell
times the total cell mass. The secretion parameter of ACTH is
thus k, = b,C, where C is the corticotroph mass and b, is the
rate of ACTH secretion per unit corticotroph mass. The parame-
ter b, includes the metabolic capacity of the corticotrophs, the
number of CRH receptors and the total blood volume which
dilutes out ACTH. A similar equation describes the secretion
parameter of cortisol, k3 = b3A. To isolate the effects of mass
changes, we assume for simplicity that the per-unit-biomass
secretion rates b, and b; are constant, whereas A(t) and C(t)
can vary with time.

This introduces two new equations for the functional masses,
which have a slow timescale of weeks. Corticotrophs proliferate
under control of x,, and adrenal cortex cells under control of x,, and
thus

dc
E = C(kcx1 — wc) (4)
dA
E = A(kAXZ — wA) (5)

where the cell-mass production rates are kcx; and kux,, and the
cell-mass removal rates are we and w,. The removal rates are
taken from experimental data that indicate cell half-lives of days—
weeks (Swann, 1940; Westlund et al, 1985; Gulyas et al, 1991).
We use half-life of 6 days for C and 12 days for A (parameters
given in Table 1), but the results do not depend sensitively on
these parameters, as shown below.

The new model thus has five equations, three on the fast
timescale of hours and two on the slow timescale of weeks. One
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can prove that they have a single stable steady state. We non-
dimensionalized the equations to provide hormone and cell-mass
steady-state levels of 1 (Materials and Methods; equations 6-10).

Model shows HPA axis dysregulation after prolonged activation

The HPA model with gland-mass changes captures the experimen-
tally observed dysregulation (Fig 2A and B). In response to a
prolonged stress input u of a few weeks or longer, the adrenal
gland-mass A and corticotroph mass C both grow. When the
prolonged stress input is over, the glands are large (Fig 2B—early
withdrawal). They gradually return to baseline, but the corticotroph
mass returns with an undershoot, dropping below baseline mass
and then returning over several weeks (Fig 2B). These qualitative
properties of the dynamics can be shown analytically (Materials and
Methods) and do not depend on model parameters. These transients
of gland masses are at the core of the hormone dysregulation.

The changed masses of the glands affect the response of the
hormones to a CRH test. In early withdrawal, cortisol is high and
ACTH responses are blunted (Fig 2B). Then, for a period of several
weeks in intermediate withdrawal, cortisol has returned to its origi-
nal baseline but ACTH remains blunted. Finally, after several
months, both cortisol and ACTH return to their original baselines.
Thus, the model recapitulates the experimentally observed dynam-
ics of Fig 1.

To understand these dynamics in detail, we plot in Fig 3 the full
behavior of the functional masses and hormones during and after
the prolonged pulse of input (Fig 3A). Importantly, the qualitative
conclusions are insensitive to the precise values of the model
parameters. Figure 3 shows the dynamics of corticotroph and
adrenal masses (Fig 3B), as well as the hormone levels (Fig 3C). To
compare to CRH tests, we also simulated a CRH test at each time-
point (Fig 3D). To visualize the result of the CRH tests, we plot the
ratio of the peak hormone level after CRH administration relative to
a control CRH test without the prolonged stress input (Fig 3E).
Blunted responses correspond to values less than 1.

One can see two phases during the stress pulse. The initial phase
occurs after the onset of the stressor and before adaptation to the
stressor (Marked ONSET in Fig 3). It lasts several weeks. In this
phase, the increase in input u causes elevated levels and responses
of CRH, ACTH, and cortisol (Fig 3C). However, over weeks of stress
input, the corticotroph and adrenal masses grow (Fig 3B). These
gland masses thus effectively adjust to the stressor, as example of
the more general phenomenon of dynamical compensation in physi-
ological systems (Karin et al, 2016). The mass growth causes a
return to baseline of hypothalamic CRH and ACTH, due to negative
feedback by cortisol. More precisely, a larger adrenal functional
mass means that less ACTH is needed to produce a concentration of
cortisol that drives ACTH down to baseline.

Such a return to baseline is called exact adaptation. Exact adapta-
tion is a robust feature of this circuit due to a mathematical principle
in the functional mass equations, equations (4 and 5), called inte-
gral feedback (Karin et al, 2016; Materials and Methods): The only
steady-state solution of equations (4 and 5) is that the hormones x;
and x, balance proliferation and growth parameters. Exact
adaptation does not occur in models without the effects of func-
tional mass changes—the hormones do not adapt to the stressor
(Appendix Fig S1, Appendix Section 1).
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Figure 2. Model with functional mass dynamics shows ACTH blunting for weeks even after cortisol normalizes.

A The classic model of HPA axis dynamics without gland-mass dynamics produces elevated levels of stress hormones during prolonged stress. However, it does not
produce blunted ACTH responses in the CRH test, and, after cessation of the stressor, all hormones return to baseline within hours.

B To account for the control of pituitary corticotroph growth by CRH and adrenal cortex growth by ACTH, we added to classic HPA model two equations that represent
the dynamics of the functional mass of corticotrophs (C) and the adrenal cortex (A). (Inset) Such dynamics explain, for example, the enlarged adrenals of stressed rats
(inset, right) compared with control (inset, left), adapted from Selye (1952). The model shows the three distinct phases of HPA axis dysregulation observed in
experiments. At the end of a prolonged stress period, the adrenal mass is enlarged and the corticotroph mass is slightly enlarged, which results in hypercortisolemia
and blunted ACTH responses in the CRH test. After a few weeks, corticotroph mass drops below baseline, while adrenal mass is slightly enlarged, causing normal
cortisol dynamics with blunted ACTH responses to the CRH test. Finally, after a few months both tissue masses return to normal, leading to normalization of both

cortisol and ACTH dynamics.

Data information: In all panels, simulations are of a CRH test (Materials and Methods), where “case” (black) is after stress and “control” (gray) is after basal HPA axis

activation, as described in Fig 3.

The enlarged functional masses result in elevated cortisol levels
during the stress period, but in adapted (that is, baseline) levels of
CRH, ACTH, and blunted responses of CRH and ACTH to inputs
(Fig 3E). During prolonged stress, there is thus a transition from an
elevated to a blunted response of ACTH that occurs due to changes
in functional masses, and results from cortisol negative feedback.

At the end of the prolonged stress pulse, the early withdrawal (or
EW) phase, the functional masses are abnormal and take weeks to
months to recover. This fundamental process is the reason for the
hormonal dysregulation that is the subject of this study. In the first
weeks after the stressor is removed, the adrenal and corticotroph

© 2020 The Authors

functional masses shrink, accompanied by dropping cortisol levels.
ACTH responses are blunted, and blunting may even worsen over
time.

Then, cortisol and CRH levels and responses simultaneously
normalize. This marks the beginning of the next phase, intermediate
withdrawal (IW, Fig 3). In this phase, ACTH responses remain
blunted, despite the fact that cortisol is back to baseline, because
adrenal functional mass is enlarged, and corticotroph functional
mass is deficient. Finally, over time, the entire dynamics of the HPA
axis normalize (Late Withdrawal, LW in Fig 3), and the system has
fully recovered.

Molecular Systems Biology 16:€9510(2020 5 of 13
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Figure 3. Model dynamics of HPA axis after prolonged stress.

A-C Numerical solution of the HPA model after a prolonged pulse of input (u = 4) lasting 3 months, followed by return to baseline input u = 1 (A). During the pulse,
gland masses (B) increase over weeks, leading to exact adaptation of ACTH and CRH levels after a few weeks (C) despite the increased input level. After stress ends,
gland masses adjust back over weeks. During this adjustment period, the HPA axis is dysregulated.

D To model a CRH test, we add exogenous CRH to the simulation and follow the hormones over several hours. The response is defined as the maximum response to
a CRH test (case) relative to the maximum response to a CRH test in steady state with basal input conditions (control).

E The response to a CRH test given at time t is shown as a function of t. Thus, this is the predicted response to CRH tests done at different days during and after the
stressor. The model (black lines) shows blunted (reduced) responses to CRH tests after the stress similar to those observed in Fig 1, as well as a mismatch between
cortisol and ACTH dynamics that develops a few weeks after cessation of stress. EW is early withdrawal, IW is intermediate withdrawal and LW is late withdrawal.

These recovery phases are robust features of the HPA model with
mass dynamics. After withdrawal of the stressor, cortisol and CRH
levels and dynamics recover together, before the recovery of ACTH.
This order occurs regardless of parameter values such as turnover
times of the tissues (proof in Materials and Methods). The intuitive
reason for this is that before CRH returns to baseline, the growth
rate of the pituitary corticotrophs is negative, preventing ACTH from
returning to baseline.

We conclude that the gland-mass model is sufficient to explain
the dynamics of recovery from chronic HPA activation in the condi-
tions mentioned in the introduction—anorexia, alcohol addiction,
and pregnancy (Fig 3). In order to explain the timescales of recov-
ery, the only model parameters that matter are the tissue turnover
times. Good agreement is found with turnover times on the scale of
1-3 weeks for the corticotrophs and adrenal cortex cells (see
Appendix Fig S2 for comparison of different turnover times,
Appendix Section 2). The model therefore explains how ACTH
responses remain blunted despite normalization of cortisol baseline
and dynamics.

We also tested several alternative mechanisms with a slow time-
scale of weeks. We tested models with constant gland masses and
the following processes to which we assigned time constants on the
order of 1 month: GR resistance following HPA activation
(Appendix Fig S1, purple lines), slow changes in input signal
(Appendix Fig S1, blue lines), and slow changes in cortisol removal
rate (Appendix Fig S1, gray lines). None of these putative models
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show the dysregulation that we consider. The reason is that these
slow processes do not cause a mismatch between ACTH and cortisol
needed to capture the blunting of ACTH despite normal cortisol
responses during intermediate withdrawal.

Deficient GR feedback exacerbates HPA dysregulation following
prolonged stress

We next considered the role of glucocorticoid receptor (GR) in
recovery from prolonged HPA activation. GR mediates the negative
feedback of cortisol on CRH and ACTH secretion. Impaired feedback
by GR is observed in many cases of depression. For example,
administration of dexamethasone, which binds the GR in the pitu-
itary, fails to suppress cortisol secretion in the majority of individu-
als suffering from depression (Coppen et al, 1983). Reduced
expression of GR and impaired GR function in people with depres-
sion was also demonstrated in post mortem brains (Lopez et al,
1998; Webster et al, 2002; McGowan et al, 2009; Pandey et al,
2013) and in peripheral tissues (Pariante, 2004). The feedback
strength of the GR is regulated epigenetically and is affected by
early-life adversity (Weaver et al, 2004; McGowan et al, 2009).

The relation between depression and impaired GR function
seems paradoxical, since GR signaling mediates many of the detri-
mental effects associated with high cortisol levels such as hippocam-
pal atrophy (Sapolsky et al, 1985). One explanation for the
association between impaired GR feedback and depression is that

© 2020 The Authors
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impaired GR feedback leads to failure of the HPA axis to terminate
the stress response on the timescale of hours, leading to excessive
cortisol levels (De Kloet et al, 2005; Anacker et al, 2011). GR feed-
back also plays a role in ultradian and circadian rhythms in the HPA
axis (Stavreva et al, 2009; Walker et al, 2010; Sriram et al, 2012).

Here, we present an additional explanation for the association
between GR feedback and depression, based on the functional mass
dynamics model. Model simulations show that negative feedback by
GR protects the HPA axis against large changes in hormone levels
and responses on the timescale of weeks after a prolonged stress
input (Fig 4A). The impaired dynamics of cortisol and ACTH is
reduced when GR affinity is high. In other words, dysregulation is
more severe the weaker the feedback from GR.

The reason for this effect is as follows. After an increase in stress
levels (u; — uy), the adrenal gland mass increases (Fig 4B). When
GR feedback is weak (Kgg » u,), the adrenal increases by about a
factor of u,/u,. However, if GR feedback is strong (Kgr < u,), the
adrenal increases to a smaller extent, because less cortisol is
required to inhibit ACTH to the level required for precise adaptation.
The smaller adrenal mass means a smaller dysregulation of cortisol
and ACTH after stress. Strong GR feedback therefore provides resili-
ence to the HPA axis against stress on the slow timescale.

We also tested the effects of variation in all other model parame-
ters. We find that the hormone production and removal rates affect
baseline levels but not the dynamics on the timescale of weeks. The
parameters that do affect the timescale of weeks are the cell

A 4 weak GR
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K%) strong GR
T 2
o
(&) o .
0 50 100 150 200
days
21 weak GR
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— strong GR
O 1 ........................
<
0 50 100 150 200
B days
weak GR
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adrenal
functional mass
N

100
days

150 200

Figure 4. GR provides resilience to the HPA axis against prolonged stressors.
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turnover times. We find that the present results are found for
wide variations in these parameters (Appendix Fig S2, Appendix
Section 2). We also tested other putative circuit designs in which
the hormones control mass changes in alternative ways and find
that the interactions considered here are among the very few
designs that provide the observed HPA behavior (Appendix Sec-
tion 3).

Mass changes provide robustness and dynamic compensation to
the HPA axis

Finally, we discuss potential advantages provided by the functional
mass changes in the HPA axis. The first advantage is organ size
control for the corticotrophs and adrenal cortex. The circuit provides
a way for the cell populations to maintain their steady-state mass,
by balancing growth and removal. Growth and removal must be
precisely balanced in order to avoid aberrant growth or atrophy of
the tissue. Thus, although the cells turn over, the feedback through
the hormones couples with the hormone trophic effects to set the
masses at a steady functional level.

The second beneficial feature is the robustness of the steady-state
hormone levels with respect to physiological parameters. The
simple form of the equations for the masses C(t) and A(t) (equa-
tions 4 and 5) locks the hormones CRH and ACTH into a unique
steady state determined only by the growth and removal parameters

of the tissues. Thus CRHH:%}, and ACTHS[:‘f—:. This is

31 weak GR
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@ g 2 strong GR
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Q
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A, B Here, we show the dynamics of the HPA axis during and after a prolonged pulse of stress, described in Fig 3, for Koz = 2 (strong feedback), Koz = 4 (moderate
feedback), and Kgr = 8 (weak feedback). Stronger feedback from the GR attenuates the dysregulation of all HPA axis hormones.
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remarkable because all other model parameters do not affect these
steady states. Similarly, the cortisol baseline level, CORTy; ~ u’j:’;fc u,
depends on relatively few parameters. Cortisol baseline is propor-
tional to the input u to the hypothalamus (averaged over weeks),
which corresponds to physiological and psychological stresses.
Cortisol in the present analysis is the only HPA hormone that does
not return to baseline after prolonged stress input. This may corre-
spond to its physiological role as a stress response hormone, with
multiple physiological endpoints, including modulation of immu-
nity, metabolism, and behavior (McEwen, 1998). Cortisol therefore
adjusts these endpoints according to averaged stress levels, allowing
ongoing response as long as stress persists. Together with the persis-
tent responsiveness of cortisol to stress input u, the circuit allows
cortisol level to be independent on most other parameters, including
the hormone production rates per unit biomass (b,,bs) or removal
rates (w,,ws), as well as the rates of the proliferation and removal
of the adrenal cortex cells, k4 and w,. This robustness is due to the
ability of the functional masses to grow and shrink to buffer changes
in these parameters. It allows cortisol to respond precisely to
chronic stress input despite physiological variations in many of the
circuit parameters.

This robustness also makes the steady-state level of cortisol and
ACTH independent of total blood volume. This is because blood
volume only enters through the production parameters b, bs;. These
parameters describe the secretion rate per cell, and since hormone
concentration is distributed throughout the circulation, these param-
eters are inversely proportional to blood volume [k; relates to the
portal vein system that directly connects the hypothalamus and
pituitary, and not to total blood volume (Owens & Nemeroff,
1991)]. The functional masses therefore adjust to stay proportional
to blood volume.

The third feature of the present model is dynamical compensa-
tion, in which masses C and A change to make the fast-timescale
(minute-hour) response of the system to acute stress inputs u invari-
ant to changes in the production rates b,, bs as well as several other
model parameters. A full analysis of dynamical compensation in the
HPA axis is provided in the SI (Appendix Section 4).

Discussion

In this study, we provide a mechanism to explain HPA axis dysregu-
lation, based on the effects of the hormones on the gland masses.
These effects are well characterized but have not been considered
before on the systems level. We develop a minimal mathematical
model that includes gland-mass changes and show that it is suffi-
cient to explain the observed dysregulation following prolonged
stress, alcohol abuse, anorexia, and postpartum.

The blunted ACTH response which we study may have clinical
implications that last for weeks after stress is removed. One set of
psychopathological implications is due to the fact that ACTH secre-
tion is tightly linked with the secretion of the endogenous opioid B-
endorphin. B-endorphin is cleaved from the same polypeptide as
ACTH, the protein POMC (Guillemin et al, 1977; Rivier et al, 1982;
Hargreaves et al, 1987) and is secreted in response to CRH from the
anterior pituitary and from POMC neurons in the hypothalamus. Its
secretion, like that of ACTH, is suppressed by cortisol (Lim et al,
1982). B-endorphin is the endogenous ligand of the mu-opioid
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receptor (MOR), the primary target of addictive drugs such as
morphine and heroin. It mediates euphoria and analgesia in humans
and animals (Drewnowski et al, 1992; Hawkes, 1992; Pecina et al,
2006; Berridge & Kringelbach, 2008; Chelnokova et al, 2014; Buchel
et al, 2018). Dysregulation of B-endorphin occurs in depression
(Pecina et al, 2019), anorexia (Marrazzi & Luby, 1986; Marrazzi
et al, 1990), and substance abuse disorders (Kiefer et al, 2002; Racz
et al, 2008; Roth-Deri et al, 2008). Our results suggest that the
dysregulation of B-endorphin, which we assume is similar to that of
ACTH, persists for many weeks after cessation of stress. It can there-
fore contribute to pain and anhedonia in depression and addiction
withdrawal.

A possible extension of the model is to incorporate hypothalamic
neuropeptides that modulate the secretion of ACTH, such as argi-
nine vasopressin (AVP). AVP is released in response to various
stressors and acts synergistically with CRH to promote ACTH secre-
tion. AVP receptors in the pituitary are upregulated in response to
high cortisol levels (Aguilera & Rabadan-Diehl, 2000), which may
help maintain responsiveness of ACTH secretion to some stimuli
during chronic stress. Another relevant neuropeptide is oxytocin,
which inhibits ACTH secretion (Legros, 2001). These neuropeptides,
which have a half-life of a few minutes, are important for determin-
ing the acute response of the HPA axis to input stimuli. Therefore,
modeling changes in their regulation on the slow timescale will help
us better understand dysregulation after chronic HPA axis activa-
tion.

The present mass model provides insight into a physiological
hallmark of several psychiatric disorders: deficient GR feedback.
Impaired GR feedback is implicated in depression (De Kloet
et al, 2005), and several genetic and environmental factors have
been associated with this impaired feedback (Bet et al, 2009;
Spijker & Van Rossum, 2009). Deficient GR feedback has been
suggested to affect ultradian (Walker et al, 2010) and circadian
(Sriram et al, 2012) HPA rhythms. We find that strong GR feed-
back (high GR affinity to cortisol) protects the HPA axis from
dysregulation after prolonged activation. Reduced GR feedback
causes larger dysregulation after prolonged stress. This effect is
directly mediated by changes in adrenal and corticotroph masses:
Strong feedback allows smaller changes of adrenal mass during
the stress period, and hence to a smaller dysregulation after
stress is removed. Since chronic stress can by itself lead to
reduced GR sensitivity (“glucocorticoid resistance”) (Cohen et al,
2012), the present findings suggest that prolonged stress makes
the HPA less resilient to the next prolonged stress. This reduced
resilience may be relevant to the progression of depressive
episodes (Kendler et al, 2001).

The interactions between functional masses and hormones which
underlie the present HPA axis dysregulation also provide exact
adaptation to CRH and ACTH (Fig 3) during stress. Exact adaption
has been extensively studied in the context of biochemical circuits
(Ferrell, 2016; Alon, 2019), but less is known about the role of exact
adaptation in physiological circuits, and, in particular, about its rele-
vance to psychopathologies. One exception is mass changes in the
insulin—glucose system, in which exact adaptation can provide
control of glucose levels and dynamics (Karin et al, 2016) despite
changes in insulin resistance, a form of dynamical compensation. It
would be fascinating to study what functional roles exact adaptation
has in the HPA axis, in order to understand the trade-offs that
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impact its dysregulation. The present modeling approach may be
able to address such questions.

We considered here changes in hormone production due to
changes in total cell mass, rather than in intrinsic per-unit-biomass
production rate parameters b, and b;. These parameters could, in
principle, also change as a function of time, although they may be
limited by constraints on secretory capacity per unit biomass.
Changes in production due to total cell-mass changes have been
well documented in various endocrine systems, including the
thyroid, the parathyroid, and pancreatic beta cells (Studer &
Derwahl, 1995; Wada et al, 1997; Porat et al, 2011). Cell mass can
grow by increasing cell numbers (hyperplasia) or by increasing cell
size (hypertrophy). In the case of the HPA axis, both mechanisms
occur—mice that were implanted with CRH-secreting tumors
showed both corticotroph hyperplasia and hypertrophy (Asa et al,
1992), and chronically stressed rats showed both adrenal hyper-
plasia and hypertrophy (Ulrich-Lai et al, 2006). The relative impor-
tance of each mechanism may be species-specific. A recent study on
the growth of pancreatic acinar cells showed that mice relied mostly
on hypertrophy while humans relied on hyperplasia (Anzi et al,
2018). Characterizing relative contributions of hyperplasia and
hypertrophy may have important implications for different aspects
of the circuit, such as cell-mass turnover rates, and rates of mutation
accumulation in the tissues.

The model presented in this study extends the literature on the
feedback circuits that control the mass of endocrine organs. Such
models are important for understanding disease processes that
result in dysregulation of tissue mass, such as type 2 diabetes, in
which insulin secretion by pancreatic B-cells becomes deficient.
Pioneering work by (Topp et al, 2000; see also De Gaetano et al,
2008) showed that B-cell death at high levels of glucose, known as
glucotoxicity, can result in bistability, leading to long-term glucose
dysregulation. This work was extended by a more biologically
accurate model that could explain additional data including path-
ways to diabetes (Ha et al, 2016). This bistability may be a side
effect of a protective mechanism, because glucotoxicity can elimi-
nate mutant B-cells that mis-sense glucose levels and as a result
hyper-proliferate and hyper-secrete insulin (Karin & Alon, 2017).
Another possible protective mechanism is autoimmune surveil-
lance, where auto-reactive immune cells eliminate mis-sensing
mutants (Kohanim et al, 2020), at the risk of the development of
autoimmune diseases like type 1 diabetes. These mechanisms may
be relevant for understanding certain diseases of the HPA glands,
such as Cushing’s disease due to ACTH-secreting pituitary adeno-
mas, or Addison’s disease due to autoimmune adrenal destruction
(Kohanim et al, 2020).

From a medical point of view, if this model is correct, func-
tional masses are potential targets to address HPA dysregulation.
Measuring these masses and their dynamics using imaging may
provide clinically relevant information. Interventions that seek to
normalize functional masses can potentially reduce the extent of
dysregulation during and after prolonged stresses. One class of
interventions may use control-engineering approaches to control
the masses. Such a feedback controller can work by periodically
measuring masses or hormones and administering HPA agonists
or antagonist at computed doses in order to guide the HPA axis
to desired functional masses and hormone level goals (Ben-Zvi
et al, 2009).

© 2020 The Authors
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Materials and Methods
HPA axis model

We model HPA axis using the following non-dimensionalized equa-
tions, in which hormone and cell-mass steady states are equal to 1:

dx 1

G w; (g1 (x3)u —x1) 6)
%—w(c (x3)x1 — X2) (7)
ar - P 82(X3)X1 2

% = IU3(AX2 7X3) (8)
dc

EZch(xl — 1) (9)
dA

E:wAA(XZ - 1) (10)

The cortisol feedback on CRH is through the GR and MR recep-
tors, and on ACTH only through the GR receptor. We model the
effect of the high-affinity MR receptor, M(x3), as a Michaelis—
Menten function in the saturated regime, because cortisol is thought
to saturate MR at physiological levels (Andersen et al, 2013). Thus,
M(x3) = 1/x3, where the Michaelis—Menten constant is absorbed in
the production term parameters. We model the cooperative,
low-affinity LGR  receptor using a Hill function G(x3)=
1/ (1 + (;—&) ) with n = 3, where K is GR receptor halfway-effect
parameter (Kgg> >1). We model the combined receptor effects
multiplicatively so that g1 (x3) = M(x3)G(x3), and & (x3) = G(x3). All
parameters are provided in Table 1. The quasi-steady state of equa-
tions (6-8) can be solved by setting time derivatives equal to zero,
yielding at basal input u = 1:

Xo ~ CV2PA2 (1)
x3 ~ (CA)'? (12)
x1 ~ (CA)™/? (13)

Alternative models

The model without functional mass dynamics is provided by
equations (1-3). To this model, we added, instead of gland-mass
dynamics, several alternative biological processes that have a
slow timescale, potentially on the order of a month. The first
process is glucocorticoid resistance, where chronically elevated
cortisol levels cause weaker feedback from the GR (Schaaf &
Cidlowski, 2002; Cohen et al, 2012). One possible mechanism
involves epigenetic effects such as DNA methylation (Watkeys
et al, 2018). To model GR resistance, we added a variable R that
modifies the effective binding coefficient, yielding:
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Glxs) = — (14)

n
1+ (R)

For R, we use the following equation, based on a model of leptin
resistance by Jacquier et al (2015). It describes the decline of R
with cortisol levels:

% = wR(f(x3) — h(X3 )R) (15)

For high cortisol levels to induce strong resistance, we use the
simple forms: f(x) = 1, h(x) = 1 + e

The second alternative slow process is a slow decrease in input,
u. We considered an exponentially decreasing input signal
(Appendix Fig S1). The third alternative process is a putative slow
decrease in cortisol clearance rate. To model this, we added a term
Cr to the removal term in equation (8):

dx
d—f:wg(A-x2 —x3GxY) (16)

Because there is no well-characterized biological process that
governs removal on the scale of weeks, we use a putative descrip-
tion in which cortisol reduces its own removal rate by increasing
CR:

dcC
d—[R = Wc, (Xg — CR) (17)

All putative processes were provided with a month timescale, by
setting we, = wg = %day’l. Simulation results are shown in the

SI.
CRH test

We modeled the CRH test by adding the following equation for
the concentration of externally administrated CRH, denoted x;g:

dx
3 = Wer, (3(t) — x1z) (18)

where §(t) describes a dose D of external CRH injected at T;,; and
lasting a time W:

B(t): D Tm]'<t§Tinj+W
0 otherwise

and the removal rate is wcgy, as described in (Saphier et al, 1992).
Extrinsically administrated CRH causes the pituitary to secrete
ACTH, as described by adding CRHg to the intrinsic CRH (units of
CRHE; are set to have equal biological effect to CRH). Thus, equa-
tion (7) was modified to:

dx
d_tz = w,(C8a(x3) (X1 + x18) — X2) (19)

The dose D and pulse width W were calibrated to provide the
observed mean CRH test results in non-stressed control subjects,
providing D = 20 and W = 30 min.
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Proof for dysregulation of ACTH after cortisol normalization

We briefly show how the model equations (6-10) provides ACTH
dysregulation even after cortisol normalizes. Consider a prolonged
stressor, like the one presented in Fig 3A (that is, a pulse increase in
the input u). Since ACTH and CRH are adapted to the stressor,
within hours after withdrawal of the stressor, CRH and ACTH levels
drop to below their pre-stressor baseline, whereas cortisol remains
above its pre-stressor baseline. CRH and cortisol recover simultane-
ously over a few weeks because CRH dynamics depend only on
cortisol and the input u. It therefore remains to be shown that ACTH
does not recover before cortisol. Since ACTH recovers from below
baseline x, <1, it recovers with a positive temporal derivative
% > 0. If (by negation) this happens before CRH and cortisol
recover, we come to a contradiction: Since CRH is below its baseline
x; <1, C has a negative derivative due to equation (9); the deriva-
tive of A is zero due to equation (8). Because ACTH levels are
approximately proportional to C:A~: (equation 11), we find that
ACTH has a negative temporal derivative when it crosses its baseline
% <0 which is a contradiction. We conclude that CRH and cortisol
return to baseline before ACTH does.

Cortisol can show normal fast-timescale response despite
ACTH blunting

We now use the HPA model equations (6-10) to show that when
CRH and cortisol levels return to baseline after stress (point IW in
Fig 3), their entire dynamics in response to any fast-timescale
input (such as a CRH test) normalize, even if ACTH responses
have not yet normalized. The mass of the adrenal cortex and pitu-
itary corticotrophs at baseline is denoted Ag,Cy, and their size at
the time-point IW where cortisol and CRH first normalize
(x3 = x; = 1) is AaA0, AcCo. Because cortisol and CRH are at base-
line, and both are functions of the product of gland masses AC
(equations 11-13) one obtains Asic = 1. Replacing X, = Acx, in
equations (6-8) yields revised equations for the fast-timescale
dynamics:

dx 1

a =wy(u(t) - 81(x3) — x1) (20)

dg dx 1 — —

d—tz = d_tz e k—cwz(xccoxlgz (%3) —Acxz) = w2 (Cox182(x3) — x2)
21

dX3 —~

W = w3(7»AA0x2 — Xg) = 11}3(AOX2 — X3) (2.2.)

Note that equations (20 and 21) are the same as equations (6-8)
when A = A and C = C,, that is, they are independent of A4, A¢c. In
addition, the initial conditions for the hormones are also indepen-
dent of Au, A, because x3 = x; = 1 are at baseline, while x,, which

is proportional to C%A“%l = C%Ag% - A¢, scales with A, so that X;¢r
is also independent of A4, Ac. We conclude that after cortisol and
CRH return to baseline, the fast-timescale dynamics of cortisol and
CRH to any input (such as a CRH test) are equal to the dynamics
before the stressor. In the simulations, after CRH and cortisol have
normalized for the first time, they only deviate from baseline
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slightly (at most 9%), and so this consideration holds approximately
for further times in the scenario of Fig 3.

Software

All simulations were performed using Python 3.7.3.

Data availability

Code to simulate the model and generate all the figures is available
in the following database: https://github.com/omerka-weizmann/
hpa_dynamics.

Expanded View for this article is available online.

Acknowledgements

This project has received funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and innovation program
(grant agreement No 856487). UA is the incumbent of the Abisch-Frenkel
Professorial Chair. OK is an Azrieli doctoral fellow.

Author contributions
Conception and research performance: OK; UA. Methodology and modeling:
OK; MR; AT; AB; YKK; TM; UA. Writing: OK and UA.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Adinoff B, Junghanns K, Kiefer F, Krishnan-Sarin S (2005) Suppression of the
HPA axis stress-response: implications for relapse. Alcohol Clin Exp Res 29:
1351 -1355

Aguilera G, Rabadan-Diehl C (2000) Vasopressinergic regulation of the
hypothalamic—pituitary—adrenal axis: implications for stress adaptation.
Regul Pept 96: 2329

Alon U (2019) An introduction to systems biology: design principles of biological
circuits. Boca Raton: CRC Press

Amsterdam |D, Marinelli DL, Arger P, Winokur A (1987) Assessment of adrenal
gland volume by computed tomography in depressed patients and
healthy volunteers: a pilot study. Psychiatry Res 21: 189—-197

Anacker C, Zunszain PA, Carvalho LA, Pariante CM (2011) The glucocorticoid
receptor: pivot of depression and of antidepressant treatment?
Psychoneuroendocrinology 36: 415—425

Andersen M, Vinther F, Ottesen JT (2013) Mathematical modeling of the
hypothalamic-pituitary-adrenal gland (HPA) axis, including hippocampal
mechanisms. Math Biosci 246: 122138

Anzi S, Stolovich-Rain M, Klochendler A, Fridlich O, Helman A, Paz-Sonnenfeld
A, Avni-Magen N, Kaufman E, Ginzberg MB, Snider D (2018) Postnatal
exocrine pancreas growth by cellular hypertrophy correlates with a
shorter lifespan in mammals. Dev Cell 45: 726 —737

Asa SL, Kovacs K, Hammer GD, Liu B, Roos BA, Low M) (1992) Pituitary
corticotroph hyperplasia in rats implanted with a medullary thyroid
carcinoma cell line transfected with a corticotropin-releasing hormone
complementary deoxyribonucleic acid expression vector. Endocrinology
131: 715-720

© 2020 The Authors

Molecular Systems Biology

Bangsgaard EO, Ottesen |T (2017) Patient specific modeling of the HPA axis
related to clinical diagnosis of depression. Math Biosci 287: 24 —35

von Bardeleben U, Heuser I, Holsboer F (1989) Human CRH stimulation
response during acute withdrawal and after medium-term
abstention from alcohol abuse. Psychoneuroendocrinology 14:
441449

von Bardeleben U, Holsboer F (1989) Cortisol response to a combined
dexamethasone-human corticotrophin-releasing hormone challenge in
patients with depression. / Neuroendocrinol 1: 485—488

von Bardeleben U, Stalla GK, Miller OA, Holsboer F (1988) Blunting of ACTH
response to human CRH in depressed patients is avoided by metyrapone
pretreatment. Biol Psychiatry 24: 782786

Ben-Zvi A, Vernon SD, Broderick G (2009) Model-based therapeutic correction
of hypothalamic-pituitary-adrenal axis dysfunction. PLoS Comput Biol 5:
1000273

Berridge KC, Kringelbach ML (2008) Affective neuroscience of
pleasure: reward in humans and animals. Psychopharmacology 199:
457 -480

Bet PM, Penninx BWJH, Bochdanovits Z, Uitterlinden AG, Beekman ATF, van
Schoor NM, Deeg DJH, Hoogendijk WJG (2009) Glucocorticoid receptor
gene polymorphisms and childhood adversity are associated with
depression: new evidence for a gene—environment interaction. Am | Med
Genet B Neuropsychiatr Genet 150B: 660 —669

Bingzheng L, Zhenye Z, Liansong C (1990) A mathematical model of the
regulation system of the secretion of glucocorticoids. J Biol Phys 17:
221-233

Bruhn TO, Sutton RE, Rivier CL, Vale WW (1984) Corticotropin-releasing factor
regulates proopiomelanocortin messenger ribonucleic acid levels in vivo.
Neuroendocrinology 39: 170—175

Buchel C, Miedl S, Sprenger C (2018) Hedonic processing in humans is
mediated by an opioidergic mechanism in a mesocorticolimbic system.
Elife 7: €39648

Carey RM, Varma SK, Drake CR Jr, Thorner MO, Kovacs K, Rivier |, Vale W
(1984) Ectopic secretion of corticotropin-releasing factor as a cause of
Cushing’s syndrome: a clinical, morphologic, and biochemical study. N
Engl J Med 311: 13-20

Chelnokova O, Laeng B, Eikemo M, Riegels J, Lgseth G, Maurud H, Willoch F,
Leknes S (2014) Rewards of beauty: the opioid system mediates social
motivation in humans. Mol Psychiatry 19: 746747

Cohen S, Janicki-Deverts D, Doyle WJ, Miller GE, Frank E, Rabin BS, Turner RB
(2012) Chronic stress, glucocorticoid receptor resistance, inflammation,
and disease risk. Proc Natl Acad Sci USA 109: 5995—5999

Coppen A, Abou-Saleh M, Milln P, Metcalfe M, Harwood J, Bailey ] (1983)
Dexamethasone suppression test in depression and other psychiatric
iliness. Br J Psychiatry 142: 498 —504

De Gaetano A, Hardy T, Beck B, Abu-Raddad E, Palumbo P, Bue-Valleskey |,
Pgrksen N (2008) Mathematical models of diabetes progression. Am J
Physiol Endocrinol Metab 295: E1462 —E1479

De Kloet ER, Joéls M, Holsboer F (2005) Stress and the brain: from adaptation
to disease. Nat Rev Neurosci 6: 463

Dorovini-Zis K, Zis AP (1987) Increased adrenal weight in victims of violent
suicide. Am J Psychiatry 144: 1214 -1215

Drewnowski A, Krahn DD, Demitrack MA, Nairn K, Gosnell BA (1992) Taste
responses and preferences for sweet high-fat foods: evidence for opioid
involvement. Physiol Behav 51: 371—379

Dumser T, Barocka A, Schubert E (1998) Weight of adrenal glands may be
increased in persons who commit suicide. Am J Forensic Med Pathol 19:
72-76

Molecular Systems Biology 16:€9510]2020 11 of 13


https://github.com/omerka-weizmann/hpa_dynamics
https://github.com/omerka-weizmann/hpa_dynamics
https://doi.org/10.15252/msb.20209510

Molecular Systems Biology

Ferrell JE Jr (2016) Perfect and near-perfect adaptation in cell signaling. Cell
Syst 2: 62—67

Gertz BJ, Contreras LN, McComb DJ, Kovacs K, Tyrrell JB, Dallman MF (1987)
Chronic administration of corticotropin-releasing factor increases pituitary
corticotroph number. Endocrinology 120: 381 —388

Gold PW, Gwirtsman H, Avgerinos PC, Nieman LK, Gallucci WT, Kaye W,
Jimerson D, Ebert M, Rittmaster R, Loriaux DL (1986a) Abnormal
hypothalamic—pituitary—adrenal function in anorexia nervosa. N Engl |
Med 314: 1335-1342

Gold PW, Loriaux DL, Roy A, Kling MA, Calabrese |R, Kellner CH, Nieman LK,
Post RM, Pickar D, Gallucci W et al (1986b) Responses to corticotropin-
releasing hormone in the hypercortisolism of depression and Cushing’s
disease. N Engl | Med 314: 13291335

Guillemin R, Vargo T, Rossier |, Minick S, Ling N, Rivier C, Vale W, Bloom F
(1977) beta-Endorphin and adrenocorticotropin are selected concomitantly
by the pituitary gland. Science 197: 1367 —1369

Gulyas M, Pusztai L, Rappay G, Makara GB (1991) Pituitary corticotrophs
proliferate temporarily after adrenalectomy. Histochemistry 96:
185-189

Gupta S, Aslakson E, Gurbaxani BM, Vernon SD (2007) Inclusion of the
glucocorticoid receptor in a hypothalamic pituitary adrenal axis model
reveals bistability. Theor Biol Med Model 4: 8

Ha J, Satin LS, Sherman AS (2016) A Mathematical model of the
pathogenesis, prevention, and reversal of type 2 diabetes. Endocrinology
157: 624 —635

Hargreaves KM, Schmidt EA, Mueller GP, Dionne RA (1987) Dexamethasone
alters plasma levels of beta-endorphin and postoperative pain. Clin
Pharmacol Ther 42: 601—607

Hawkes CH (1992) Endorphins: the basis of pleasure? j Neurol Neurosurg
Psychiatry 55: 247 —250

Holsboer F, Von Bardeleben U, Gerken A, Stalla GK, Miller OA (1984) Blunted
corticotropin and normal cortisol response to human corticotropin-
releasing factor in depression. N Engl | Med 311: 1127

Horvath E (1988) Pituitary hyperplasia. Pathol Res Pract 183: 623625

Hosseinichimeh N, Rahmandad H, Wittenborn AK (2015) Modeling the
hypothalamus-pituitary—adrenal axis: a review and extension. Math Biosci
268: 5265

Jacquier M, Soula HA, Crauste F (2015) A mathematical model of leptin
resistance. Math Biosci 267: 10—23

Karin O, Swisa A, Glaser B, Dor Y, Alon U (2016) Dynamical compensation in
physiological circuits. Mol Syst Biol 12: 886

Karin O, Alon U (2017) Biphasic response as a mechanism against mutant
takeover in tissue homeostasis circuits. Mol Syst Biol 13: 933

Kendler KS, Thornton LM, Gardner CO (2001) Genetic risk, number of previous
depressive episodes, and stressful life events in predicting onset of major
depression. Am J Psychiatry 158: 582 —586

Kiefer F, Horntrich M, Jahn H, Wiedemann K (2002) Is withdrawal-induced
anxiety in alcoholism based on B-endorphin deficiency?
Psychopharmacology 162: 433437

Kohanim YK, Tendler A, Mayo A, Friedman N, Alon U (2020) Endocrine
autoimmune disease as a fragility of immune surveillance against
hypersecreting mutants. Immunity 52: 872884

Legros ] (2001) Inhibitory effect of oxytocin on corticotrope function in
humans: are vasopressin and oxytocin ying-yang neurohormones?
Psychoneuroendocrinology 26: 649 —655

Lim AT, Khalid BA, Clements |, Funder JW (1982) Glucocorticoid and
mineralocorticoid effects on adrenocorticotropin and B-endorphin in the
adrenalectomized rat. J Clin Invest 69: 11911198

12 of 13 Molecular Systems Biology ~16: €9510 | 2020

Omer Karin et al

Lépez JF, Chalmers DT, Little KY, Watson S (1998) Regulation of SerotoninlA,
glucocorticoid, and mineralocorticoid receptor in rat and human
hippocampus: implications for the neurobiology of depression. Biol
Psychiatry 43: 547573

Lotfi CFP, de Mendonca PO (2016) Comparative effect of ACTH and related
peptides on proliferation and growth of rat adrenal gland. Front
Endocrinol 7: 39

Ludescher B, Najib A, Baar S, MacHann |, Schick F, Buchkremer G, Claussen
CD, Eschweiler GW (2008) Increase of visceral fat and adrenal gland
volume in women with depression: preliminary results of a morphometric
MRI study. Int J Psychiatry Med 38: 229240

Magiakou MA, Mastorakos G, Rabin D, Dubbert B, Gold PW, Chrousos GP
(1996) Hypothalamic corticotropin-releasing hormone suppression during
the postpartum period: implications for the increase in psychiatric
manifestations at this time. J Clin Endocrinol Metab 81: 19121917

Marrazzi MA, Luby ED (1986) An auto-addiction opioid model of chronic
anorexia nervosa. Int J Eat Disord 5: 191208

Marrazzi MA, Mullings-Britton |, Stack L, Powers RJ, Lawhorn |, Graham V,
Eccles T, Gunter S (1990) Atypical endogenous opioid systems in mice in
relation to an auto-addiction opioid model of anorexia nervosa. Life Sci
47: 1427 -1435

McEwen BS (1998) Stress, adaptation, and disease: allostasis and allostatic
load. Ann N Y Acad Sci 840: 33—44

McGowan PO, Sasaki A, D’Alessio AC, Dymov S, Labonté B, Szyf M, Turecki
G, Meaney M] (2009) Epigenetic regulation of the glucocorticoid receptor
in human brain associates with childhood abuse. Nat Neurosci 12:
342-348

McNicol AM, Kubba MAG, McTeague E (1988) The mitogenic effects of
corticotrophin-releasing factor on the anterior pituitary gland of the rat. J
Endocrinol 118: 237-NP

Melmed S, Polonsky KS, Larsen PR, Kronenberg HM (2015) Williams textbook
of endocrinology. Amsterdam: Elsevier Health Sciences

Murphy BE (1991) Steroids and depression. J Steroid Biochem Mol Biol 38:
537559

Nemeroff CB, Krishnan KRR, Reed D, Leder R, Beam C, Dunnick NR (1992)
Adrenal gland enlargement in major depression: a computed tomographic
study. Arch Gen Psychiatry 49: 384 —387

O’Brien T, Young WF Jr, Davlla DG, Schelthauer BW, Kovacs K, Horvath E,
Vale W, van Heerden JA (1992) Cushing’s syndrome associated with
ectopic production of corticotrophin-releasing hormone, corticotrophin
and vasopressin by a phaeochromocytoma. Clin Endocrinol (Oxf) 37:
460467

Owens MJ, Nemeroff CB (1991) Physiology and pharmacology of
corticotropin-releasing factor. Pharmacol Rev 43: 425—473

Pandey GN, Rizavi HS, Ren X, Dwivedi Y, Palkovits M (2013) Region-specific
alterations in glucocorticoid receptor expression in the postmortem brain
of teenage suicide victims. Psychoneuroendocrinology 38: 2628 — 2639

Pariante CM (2004) Glucocorticoid receptor function in vitro in patients with
major depression. Stress 7: 209219

Pecifia S, Smith KS, Berridge KC (2006) Hedonic hot spots in the brain.
Neuroscientist 12: 500—511

Pecifia M, Karp JF, Mathew S, Todtenkopf MS, Ehrich EW, Zubieta J-K (2019)
Endogenous opioid system dysregulation in depression: implications for
new therapeutic approaches. Mol Psychiatry 24: 576 —587

Porat S, Weinberg-Corem N, Tornovsky-Babaey S, Schyr-Ben-Haroush R, Hija
A, Stolovich-Rain M, Dadon D, Granot Z, Ben-Hur V, White P (2011)
Control of pancreatic B cell regeneration by glucose metabolism. Cell
Metab 13: 440449

© 2020 The Authors



Omer Karin et al

Racz I, Schiirmann B, Karpushova A, Reuter M, Cichon S, Montag C, First R,
Schiitz C, Franke PE, Strohmaier | et al (2008) The opioid peptides
enkephalin and B-endorphin in alcohol dependence. Biol Psychiatry 64:
989-997

Rivier C, Brownstein M, Spiess |, Rivier |, Vale W (1982) In vivo corticotropin-
releasing factor-induced secretion of adrenocorticotropin, beta-endorphin,
and corticosterone. Endocrinology 110: 272 —278

Roth-Deri |, Green-Sadan T, Yadid G (2008) B-Endorphin and drug-induced
reward and reinforcement. Prog Neurobiol 86: 1—21

Rubin RT, Phillips JJ, Sadow TF, McCracken JT (1995) Adrenal gland volume in
major depression. Increase during the depressive episode and decrease
with successful treatment. Arch Gen Psychiatry 52: 213218

Rubin RT, Phillips JJ, McCracken JT, Sadow TF (1996) Adrenal gland volume in
major depression: relationship to basal and stimulated pituitary-adrenal
cortical axis function. Biol Psychiatry 40: 89—97

Saphier PW, Faria M, Grossman A, Coy DH, Besser GM, Hodson B, Parkes M,
Linton EA, Lowry PJ (1992) A comparison of the clearance of ovine and
human corticotrophin-releasing hormone (CRH) in man and sheep: a
possible role for CRH-binding protein. J Endocrinol 133: 487 — 495

Sapolsky RM, Krey LC, McEwen BS (1985) Prolonged glucocorticoid exposure
reduces hippocampal neuron number: implications for aging. / Neurosci 5:
1222-1227

Schaaf MJM, Cidlowski JA (2002) Molecular mechanisms of glucocorticoid
action and resistance. J Steroid Biochem Mol Biol 83: 3748

Schteingart DE, Lloyd RV, Akil H, Chandler WF, Ibarra-Perez G, Rosen SG,
Ogletree R (1986) Cushing’s syndrome secondary to ectopic corticotropin-
releasing hormone-adrenocorticotropin secretion. J Clin Endocrinol Metab
63: 770-775

Selye H (1952) The story of the adaptation syndrome: told in the form of
informal, illustrated lectures. Chicago, IL: Acta

Spijker AT, Van Rossum EF (2009) Glucocorticoid receptor polymorphisms in
major depression. Focus on glucocorticoid sensitivity and neurocognitive
functioning. Ann N Y Acad Sci 1179: 199215

Sriram K, Rodriguez-Fernandez M, Doyle F] (2012) Modeling cortisol dynamics
in the neuro-endocrine axis distinguishes normal, depression, and post-
traumatic stress disorder (PTSD) in humans. PLoS Comput Biol 8: €1002379

Stavreva DA, Wiench M, John S, Conway-Campbell BL, McKenna MA, Pooley
JR, Johnson TA, Voss TC, Lightman SL, Hager GL (2009) Ultradian hormone
stimulation induces glucocorticoid receptor-mediated pulses of gene
transcription. Nat Cell Biol 11: 10931102

Studer H, Derwahl M (1995) Mechanisms of nonneoplastic endocrine
hyperplasia—a changing concept: a review focused on the thyroid gland.
Endocr Rev 16: 411426

Swann HG (1940) The pituitary-adrenocortical relationship. Physiol Rev 20:
493-521

Szigethy E, Conwell Y, Forbes NT, Cox C, Caine ED (1994) Adrenal weight and
morphology in victims of completed suicide. Biol Psychiatry 36: 374 —380

© 2020 The Authors

Molecular Systems Biology

Topp B, Promislow K, deVries G, Miura RM, Finegood DT (2000) A model of
beta-cell mass, insulin, and glucose kinetics: pathways to diabetes. J Theor
Biol 206: 605-619

Tsigos C, Chrousos GP (2002) Hypothalamic—pituitary—adrenal axis,
neuroendocrine factors and stress. | Psychosom Res 53: 865—871

Turner |D, Alt SR, Cao L, Vernocchi S, Trifonova S, Battello N, Muller CP (2010)
Transcriptional control of the glucocorticoid receptor: CpG islands,
epigenetics and more. Biochem Pharmacol 80: 1860 —1868

Ulrich-Lai YM, Figueiredo HF, Ostrander MM, Choi DC, Engeland WC,
Herman JP (2006) Chronic stress induces adrenal hyperplasia and
hypertrophy in a subregion-specific manner. Am J Physiol Endocrinol
Metab 291: E965-E973

Vale W, Spiess ], Rivier C, Rivier | (1981) Characterization of a 41-residue
ovine hypothalamic peptide that stimulates secretion of corticotropin and
beta-endorphin. Science 213: 1394 —1397

Wada M, Furuya Y, Sakiyama J, Kobayashi N, Miyata S, Ishii H, Nagano N
(1997) The calcimimetic compound NPS R-568 suppresses parathyroid
cell proliferation in rats with renal insufficiency. Control of parathyroid
cell growth via a calcium receptor. J Clin Invest 100: 2977 —2983

Walker J), Terry JR, Lightman SL (2010) Origin of ultradian pulsatility in
the hypothalamic—pituitary—adrenal axis. Proc R Soc B Biol Sci 277:
1627 -1633

Watkeys O], Kremerskothen K, Quidé Y, Fullerton JM, Green M] (2018)
Glucocorticoid receptor gene (NR3C1) DNA methylation in association
with trauma, psychopathology, transcript expression, or genotypic
variation: a systematic review. Neurosci Biobehav Rev 95: 85—122

Weaver ICG, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR,
Dymov S, Szyf M, Meaney M| (2004) Epigenetic programming by maternal
behavior. Nat Neurosci 7: 847 —854

Webster MJ, Knable MB, O’grady J, Orthmann ], Weickert CS (2002) Regional
specificity of brain glucocorticoid receptor mRNA alterations in subjects
with schizophrenia and mood disorders. Mol Psychiatry 7: 985

Westlund KN, Aguilera G, Childs GV (1985) Quantification of morphological
changes in pituitary corticotropes produced by in vivo corticotropin-
releasing factor stimulation and adrenalectomy. Endocrinology 116:
439445

Young E, Akil H (1985) Changes in releasability of ACTH and beta-endorphin
with chronic stress. Neuropeptides 5: 545548

Zavala E, Wedgwood KC, Voliotis M, Tabak J, Spiga F, Lightman SL, Tsaneva-
Atanasova K (2019) Mathematical modelling of endocrine systems. Trends
Endocrinol Metab 30: 244 —257

® License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

Molecular Systems Biology 16:€9510]2020 13 of 13



