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Influence of arginine
vasopressin on the ultradian
dynamics of Hypothalamic-
Pituitary-Adrenal axis

Aleksandra S. Stojiljkovic*™, Zeljko Cupic¢®, Stevan Macesic?,
Ana Ivanovié-Sasi¢? and Ljiljana Kolar-Ani¢**
HInstitute of General and Physical Chemistry, University of Belgrade, Belgrade, Serbia, ?Institute of

Chemistry, Technology and Metallurgy, National Institute of the Republic of Serbia, University of
Belgrade, Belgrade, Serbia, *Faculty of Physical Chemistry, University of Belgrade, Belgrade, Serbia

Numerous studies on humans and animals have indicated that the
corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP)
stimulate both individually and synergistically secretion of
adrenocorticotropic hormone (ACTH) by corticotropic cells in anterior
pituitary. With aim to characterize and better comprehend the mechanisms
underlying the effects of AVP on Hypothalamic-Pituitary-Adrenal (HPA) axis
ultradian dynamics, AVP is here incorporated into our previously proposed
stoichiometric model of HPA axis in humans. This extended nonlinear network
reaction model took into account AVP by: reaction steps associated with two
separate inflows of AVP into pituitary portal system, that is synthesized and
released from hypothalamic parvocellular and magnocellular neuronal
populations, as well as summarized reaction steps related to its individual
and synergistic action with CRH on corticotropic cells. To explore the
properties of extended model and its capacity to emulate the effects of AVP,
nonlinear dynamical systems theory and bifurcation analyses based on
numerical simulations were utilized to determine the dependence of
ultradian oscillations on rate constants of the inflows of CRH and AVP from
parvocellular neuronal populations, the conditions under which dynamical
transitions occur due to their synergistic action and, moreover, the types of
these transitions. The results show that under certain conditions, HPA system
could enter into oscillatory dynamic states from stable steady state and vice
versa under the influence of synergy reaction rate constant. Transitions
between these dynamical states were always through supercritical
Andronov-Hopf bifurcation point. Also, results revealed the conditions under
which amplitudes of ultradian oscillations could increase several-fold due to
CRH and AVP synergistic stimulation of ACTH secretion in accordance with
results reported in the literature. Moreover, results showed experimentally
observed superiority of CRH as a stimulator of ACTH secretion compared to
AVP in humans. The proposed model can be very useful in studies related to the
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role of AVP and its synergistic action with CRH in life-threatening
circumstances such as acute homeostasis dynamic crisis, autoimmune
inflammations or severe hypovolemia requiring instant or several-days
sustained corticosteroid excess levels. Moreover, the model can be helpful
for investigations of indirect AVP-induced HPA activity by exogenously
administered AVP used in therapeutic treatment.
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Hypothalamic-Pituitary-Adrenal (HPA) axis, arginine vasopressin, AVP and CRH
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Introduction

The interplay between the functions of hypothalamus,
pituitary and adrenal glands creates a complex nonlinear
neuroendocrine system known as the hypothalamic-pituitary-
adrenal (HPA) axis. The HPA axis activity is necessary for
maintaining homeostasis under physiologically normal and
various stressful conditions through the action of its main
hormones. Their actions are expressed through complex
biochemical transformations that are intertwined via positive
and negative feedback loops. Complex interplay between these
feedback mechanisms and coupling of the HPA axis with
circadian clock system give rise to daily rhythm of the main
HPA axis hormones characterized by ultradian oscillations
(caused by internal feedbacks) superimposed on circadian
oscillations (greatly influenced by external cycles) (1-3). In
humans, periods of ultradian oscillations of the HPA axis
hormones altogether range between 20 minutes to 2 hours,
while periods of their circadian oscillations are around 24
hours (1, 2, 4-9). Disruption in regulation of HPA axis
oscillatory dynamics can lead to the development of many
psychiatric and metabolic diseases (2, 10). Thus, additional
experimental and theoretical investigations have been
conducted to examine all constituents and detailed dynamic
regulatory mechanisms underlying the HPA axis function under
basal physiological and pathophysiological conditions. Effects of
acute and chronic exposure to various endogenous/exogenous
stressors on the HPA axis dynamics and its impairment in
disease states have been also largely studied.

Beside corticotropin-releasing hormone (CRH), as one of
main HPA hormones, many other neuroactive substances have
been found to enter the pituitary portal circulation. This includes
somatostatin, neurotensin, angiotensin II, enkephalin, arginine
vasopressin (AVP), dopamine and others (11-27). However,
AVP has received the most attention among them so far, due to
its relevant role and effects on corticotrope cells’ function and
HPA axis activity. Namely, it has been indicated that both CRH
and AVP act on their own receptors (28-32) on corticotrope
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cells in anterior pituitary to stimulate adrenocorticotropic
hormone (ACTH) production and release with different (26,
33-41) or even similar potencies (42). Moreover, CRH and AVP
are also capable of potentiating each other’s activity (37, 38).
Their synergistic stimulation of ACTH production and secretion
by corticotrope cells could yield a several-fold higher output
than due to the action of either one individually (26, 34-41, 43-
47). However, the exact mechanism underlying their individual
and synergistic action is yet to be clarified. In essence, CRH and
AVP are both required as stimulatory inputs to corticotrope cells
for a complete ACTH response in physiologically normal as well
as in various stressful conditions (32, 38, 48-51). The ACTH
stimulates the steroidogenesis from cholesterol in adrenal gland
and secretion of steroid hormones. Principal representative of
steroid hormones in humans is cortisol (CORT), which exerts its
effect on most tissues in the body and largely regulates the
activity of the HPA system through its feedback mechanisms
(2, 3).

Theoretical studies of effects of AVP alone and in synergy
with CRH on HPA axis activity and dynamics are very scarce. To
our best knowledge, in only two theoretical studies (52, 53),
impacts of AVP and/or CRH on corticotrope cells’ activity are
encompassed in mathematical models. These models are non-
stoichiometric and describe: synthesis, accumulations, secretions
and concentrations time series of CRH and AVP, ACTH and
CORT as well as nonlinear feedback mechanisms with time
delays considerations and effects of CRH and AVP on
corticotrope cells, each by suitable mathematical function.
These functions known as the ones that formally can produce
oscillatory dynamics cannot be obtained as results of any real
reaction mechanism comprised of a set of chemical reactions.
On the other hand, if stoichiometric network approach is
applied, complex biochemical transformations can be concisely
described by a simplified network of interactions between the
considered biochemical species. The rates of these
transformations strictly follow the law of mass action. Using
this approach, HPA axis oscillatory dynamics in model would
emerge due to the nonlinearity of underlying biochemical
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interactions of considered species through positive and negative
feedback mechanisms. Moreover, its global behavior would be
tractable to mathematical analysis.

In this study, our previously proposed stoichiometric model
of HPA axis in humans (54) has been extended to emulate the
influence of AVP on ACTH production and secretion. Using
such extended HPA axis model, we investigated the AVP and
CRH effects and synergistic influence on ultradian dynamics. For
that purpose, numerical simulations and bifurcation analysis
have been employed.

Model description

Stoichiometric model of HPA axis activity in humans
developed in our earlier work (54) has been used as the basis
to incorporate influence of arginine vasopressin (AVP) into the
HPA mechanism described by the initial model. The AVP was
introduced into this initial model of HPA axis activity by five
new reaction steps ((R2.2), (R4), (R5.2), (R5.3) and (R12)),
which are highlighted in bold in the Table 1. Reaction steps
presented in Table 1 describe net reactions of a series of complex
biochemical processes. Accordingly, reaction steps (R2.2) and
(R4) describe appropriate inflows of AVP into the pituitary
portal circulation as net reactions of a series of processes of AVP
biosynthesis and release from the parvocellular part of the

10.3389/fendo.2022.976323

paraventricular nucleus (PVN), and from the magnocellular
neurosecretory system of the hypothalamus, respectively (32,
48-51, 55). In essence, reaction steps (R2.1) and (R2.2) depict
inflows of CRH and AVP, respectively, from neuronal
populations of the same part of PVN. On the other hand,
inflow of AVP from the magnocellular neurons (R4) can be
much more abundant (up to 10-fold) than from parvocellular
neurons under normal condition (51). Furthermore, these
neurons are not under prominent negative feedback control by
adrenal corticosteroids (51). The AVP originating from both of
these parvocellular and magnocellular neuronal populations
enter the pituitary portal circulation and regulate the pituitary
production and secretion of ACTH, as it is summarized by
reaction step (R5.2) (32, 48-51, 55). Reaction step (R5.3)
describes net reaction of a series of complex biochemical
processes of ACTH production and secretion by corticotrope
cells that is also stimulated by CRH and AVP acting
synergistically (32, 48-51, 55). End-result of complex
biochemical processes leading to the elimination of AVP is
described by reaction step (R12). The remaining reaction steps
in Table 1 are related to the initial model of HPA axis in humans
and are described in ref. (54).

The extended model given in Table 1 is now comprised of 18
reaction steps and six independent dynamic variables
representing concentrations of cholesterol ([CHOL]), CRH
([CRH]), AVP ([AVP]), ACTH ([ACTH]), CORT ([CORT])

TABLE 1 The extended model of the HPA axis activity in humans with incorporated arginine vasopressin (AVP) as an additional dynamic variable;

reaction steps associated with AVP are given in bold.

b CHOL k; = 1.38 x 107 mol dm™ min™" (R1)
kot pip ky; = 1.83 x 10 ® mol dm™> min™* (R2.1)
kag s vp ky» = 1.83 x 10°® mol dm > min™" (R2.2)
b ALDO ks = 6.09 x 107" mol dm™ min™" (R3)
5 avp k, = 1.537 x 1072 mol dm™ min™" (R4)
CRE* ACTH ks, = 1.83 x 10* min™* (R5.1)
AVP2ACTH ks, =7.79 x 107> min~" (R5.2)
CRH+AVP*: ACTH ks3 = 3.66 x 10> mol™" dm® min™" (R5.3)
K _ -1 3 . -1
CHOL + ACTH">CORT ks = 11.94 mol "~ dm” min (R6)
S _ -2 -1 3 . -1
CHOL+ACTHk—'>ALDO k; = 9.552 x 107“ mol™" dm” min (R7)
_ 14 -2 6 . —1
ACTH + 2CORTki>3CORT kg = 1.26 x 10" mol™* dm°® min (R8)
_ 12 -2 |
ALDO + 2CORTkl>CORT ko = 7.05 x 10" mol™* dm® min (R9)
crHOI™p ko = 4.5 x 1072 min™" (R10)
1
CRE P ki = 1.1 x 10" min™" (R11)
2
AVPIp ki, = 1.386 x 10~! min™" (R12)
3
13 13=535x1 min 1
ACTH™p ki3 = 535 x 10 min™* (R13)
4
CORT™ P Kig = 4.1 x 107" min™" (R14)
5
ALDOp kys = 1.35 x 107" min™! (R15)
6
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and ALDO ([ALDOQ])). Corresponding kinetic rate constants are
labeled by k,, a =1 - 15.

Temporal concentration evolutions of all species are
described by a system of ordinary differential equations (ODE)
obtained by applying the law of mass action on reaction steps
shown in Table 1:

d[CHOL]

i =k~ (ks + k)[CHOL][ACTH] - kyy[CHOL] (1)
d[C
: ;:H] = ka1 — (ks + ki1)[CRH] - ks 35 [CRH][AVP] 2)
dlA
[ dYP] = kys + ky — ks [AVP] - ks 5 [CRH|[AVP] (3)
—ky,[AVP]
— (kg + k;)[CHOL|[ACTH] (4)
— ks[ACTH][CORT)? - ky3[ACTH]
—d[CZRT] = k¢[CHOL][ACTH] + ks[ACTH][CORT]? )
~ ky[ALDOJ[CORTF ~ k,4[CORT]
d[AS_Z) 9. ks + k;[CHOL][ACTH] - ks [ALDOJ[CORT]?
- k5[ALDO] ©)

Methods

Numerical method

In order to solve ODE describing the temporal evolution of
extended model (Table 1), numerical simulations were
conducted in the Matlab software package. Odel5s solver
routine based on the Gear algorithm (56) for integration of
stiff differential equations was used. In all simulations, the
absolute and relative tolerance errors were 1 x 1072° and 3 x
107", respectively. Integrations of the model with 1 x 1074, 5 x
107" and 1 x 107> absolute tolerance levels were also tested. It
was noticed that only with absolute tolerance error of 1 x 10713,
numerical simulations were stable. Yet, in some investigated

-20
cases, 1 x 10

absolute tolerance level was necessary and
therefore chosen as the final value. The initial concentrations
in numerical simulations were: [CHOL], = 3.4 x 10~ mol dm™>,
[CRH]y = 1 x 1072 mol dm ™, [AVP]; =1 x 107*? mol dm™>,
[ACTH], = 8 x 10® mol dm™>, [CORT], = 4 x 10™® mol dm™
and [ALDO], = 1.5 x 10~ mol dm . If not otherwise stated, rate

constants (k,, a =1 - 15) used in the numerical simulations were
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the same as in Table 1. Whenever possible, values of rate
constant of reaction steps related to the initial model (not in
bold in Table 1) were the same as in our previous papers (57, 58).
Values of the rate constants of reaction steps (R2.2), (R4), (R5.2),
(R5.3) and (R12), associated with AVP effects were derived from
(39, 54, 59, 60) unless otherwise specified.

Bifurcation analysis

To determine boundaries of oscillatory domain as a function
of reaction rate constants of the reactions associated with CRH
(R2.1) and AVP inflows (R2.2) (Table 1), the bifurcation analysis
based on numerical continuation method was applied. Namely,
during each numerical continuation, selected value of k, ; in the

range between 1 x 107 and 2 x 10~® mol dm™ min™"

was kept
constant while the value ofk, , was varied to find the region where
ultradian oscillatory dynamics can be obtained. For each value of
k,, steady-state concentrations were evaluated together with
stability of considered steady state. All other rate constants had
values as indicated in Table 1. By this method of bifurcation
analysis (Method 1a, Supplementary material), the boundaries of
the oscillatory domain were obtained as a function of k, ; and k; ,
for one fixed ks ; value given in Table 1. Afterwards, the impact of
CRH and AVP acting synergistically on HPA oscillatory dynamics
(R5.3) (Table 1) was investigated by another method of
bifurcation analysis (Method 1b, Supplementary material). This
was achieved by applying numerical continuation with reaction
rate constant ks 3 as continuation parameter, for couple of k, ; and
k,, values that are selected to be very close to boundaries of
oscillatory domain identified by Method 1la. By this method, for
each ks; value the steady-state concentrations were evaluated
together with stability of the considered steady-state. Once more,
all other rate constants had values as indicated in Table 1 unless
otherwise specified.

The ultradian dynamics of HPA system for various
combinations of k,; and k,, values, including the ones
around oscillatory domain boundaries, was also examined by
bifurcation analysis based on numerical simulations of dynamic
states obtained by the above defined differential equations (1) -
(6) (Method 2, Supplementary material). Namely, for a given
couple of k,; and k, , values, set of numerical simulations were
performed as a function of various values of rate constant ks 5. By
this method, bifurcation diagrams with ks; as the control
parameter were formed. The stable steady state of the system
was denoted by one point in the [CORT] - ks; bifurcation
diagram whereas the oscillatory state was denoted by two points
corresponding to [CORT] values in oscillation minimum and
maximum. In the latter case, the steady state is unstable, and
hence, unattainable to numerical simulations. These bifurcation
diagrams were obtained by varying ks; values in the range
between 1.098 x 10° and 1.098 x 10%° mol ' dm® min . If values
of ks 3 < 1.098 x 10°> mol™" dm® min™" or values of ks ; > 1.098 x

frontiersin.org
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10*° mol™" dm’ min™" were applied, no significant dynamic
changes were observed. Furthermore, by the same method, the
diagrams of amplitudes of [CORT] oscillations as a function of
ks ; were also analyzed. All other rate constants had values as
indicated in Table 1 unless otherwise specified.

Results

Using the above explained methods, the oscillatory
dynamics as an essential characteristic of the HPA axis is
particularly examined. Therefore, selection of the conditions
that lead to its emergence is of great importance for model
optimization. Since the goal of our investigations was to examine
how AVP alone and in synergy with CRH can modify ultradian
dynamics of HPA axis, the starting point in our analysis was to
determine the dependence of boundaries of the oscillatory
domain on the inflows of CRH and AVP from the
parvocellular neuronal populations of PVN. These inflows
represented by reactions (R2.1) and (R2.2) in Table 1, are
initial steps of two parallel reaction pathways guided by
signaling through CRH and AVP, respectively. They are
interconnected through a complex feedback loops and capable
to compensate each other. Therefore, the bifurcation analysis
could provide new insights into how various levels of these two

k,, /10" Mmin™
=]
' l

—
=
|

10.3389/fendo.2022.976323

hormones’ concentrations originating from the same inflow
source affect ultradian dynamics of HPA model. This was
achieved, here, by utilizing Method 1la of bifurcation analysis
for ks 3 = 3.66 x 10> mol™' dm® min~' (Table 1). Results in
Figure 1 show that oscillatory domain is confined between two
straight lines which represent dependence of supercritical
Andronov-Hopf (AH) bifurcation on k,; and k,,. It could
also be noticed that a small decrease in the value of k,;
requires a much larger (circa by an order of magnitude)
increase in the values of k,, in order to keep HPA model in
the oscillatory regime. This suggests the inferiority of AVP
compared to CRH as stimulator of ACTH secretion. However,
if with increasing k, , at the same time k, ; decreases so that the
system approaches the left end of the oscillatory domain
intersecting the y-axis in Figure 1, the values of k,, might
become large enough to retain the system in oscillatory
dynamic states, even though the value of k,; — 0 and so does
its impact. Also, in this part of Figure 1, the value of ky, which
was kept constant in this analysis (Table 1), has weak to no-
significant influence compared to k,,. In other words, in the
vicinity of y-axis, the AVP reaction pathway governed by
reaction (R2.2) (Table 1) tends to predominate over the CRH
reaction pathway. On the other hand, with decrease of k,, and
increase of k, ; towards the right end of the oscillatory domain
intersecting the x-axis, the impact of k,, may become

k,, /10" Mmin™"

FIGURE 1

Position of supercritical AH bifurcation as a function of rate constants k,; and kz », obtained by Method 1a of bifurcation analysis for ks 3 = 3.66
x 10% mol™* dm® min™* (the value given in Table 1). The calculated AH bifurcations, depicted by open rhombuses (¢)) are interconnected by solid
lines for better visualization of the oscillatory domain. OS - oscillatory domain; SS - stable steady states. Five fixed k,; values denoted as cases:
Akoq = 0.1x 108 moldm™ min™), B (ko1 = 0.5 x 1078 mol dm™> min™), C (ko1 = 1.0 x 1078 mol dm~> min™), D (k»; = 1.5 x 108 mol dm™
min~Y) and E (ko1 = 1.9 X 1078 mol dm™ min™?) for which Method 1b was applied near bifurcation points. In the case C, Method 1b was applied
in points where values of rate constant k;» are: C1 (k» = 11.2 x 1078 mol dm™ min™), C2 (k> = 11.4 x 1078 mol dm™ min™), C3 (k,, = 17.6 x
1078 mol dm™ min™%) and C4 (k. = 18.6 x 10~ mol dm™ min~%) (More details will be shown in Figure 3). All other rate constants used in both
Method 1a and 1b analysis had values as presented in Table 1, except in Method 1b where ks 3 was varied.
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comparable with k, (1.537 x 10~ mol dm™ min!, Table 1) and
with its further decreases, more and more inferior and finally
non-significant. In this part of Figure 1, also given at the bottom
of Figure 2, the influence of k, is generally the highest possible,
but lower than the influence of k, ; though. In essence, in the
vicinity of x-axis as k, , — 0, CRH reaction pathway governed by
reaction (R2.1) tends to prevail over the AVP reaction pathway,
in contrast to the left end of oscillatory domain.

With aim to compare the behavior of the here extended
model with the initial model behavior (54, 61), the additional
bifurcation analysis was done in some specific parts of
bifurcation diagram depicted in Figure 1. First, detailed
analysis of dynamic states was performed within the rectangle
area shown in the bottom right part of Figure 1. The obtained
results are given in Figure 2; Tables 2, 3. Second, more general
behavior of the extended model was analyzed for selected values
of k, ;, marked by vertical lines A, B, C, D and E in Figure 1.
More precisely, for each given k,; value two k,, values very
close to each AH point were examined. Corresponding results
are summarized in Figure 3 for the case of C line (points C1 -
C4), although similar behavior was detected for other values of
k,1 (A, B, D and E in Figure 1). Moreover, for three selected

p—
=]
|

=

(=)

-8 . -1
k“/ 10 ° Mmin

(5]

N
IIIIIIIIIIIIIIIIIIIIIII

>

10.3389/fendo.2022.976323

points in Figure 2 (P, Q and R) yielding the particularly
convenient forms of bifurcation diagrams, the two models of
HPA axis activity (the initial and here extended ones) were
compared to each other in order to further correlate the results
of simulations obtained by Method 2 with experimental findings
(39, 44-47). Results are given in Figure 4. Finally, the extended
model predictive potential was additionally validated by in silico
perturbation experiments with repetitive single-pulse changes in
CRH and AVP concentrations both separately and conjointly.
Appropriate results are presented in Figure 5.

Moreover, let us know that the initial model described in
(54) can be considered as the limiting case of the here considered
model when the values of ks, ,, k, and initial concentration of
AVP are all zero. In addition, in that case the value of the CRH
inflow rate constant k, ; in extended model ought to be the same
as k, value in the initial model, i.e. 1.83 x 10™® mol dm™> min™".
However, in order to get better insight in local behavior of the
extended model, the value of k, ; was varied in the range (1.3725
-2.1960) x 10~® mol dm ™~ min " and k,, in the range (0.0183 -
6.4050) x 1078 mol dm™ min. Besides, for selected values of
k,; and k,,, the bifurcation diagrams with synergy constant
(ks3) as control parameter were analyzed using Method 2.

BT [CORT)10*M
@

4
3
2

B2

B3
[
([
B4
® 4

\S}

1.4

1.6 1.8

k, /10" Mmin™

FIGURE 2

T W .

W -
—_
(=]

15

20 log(k”/M*lmin*l)

2.2

Enlarged part of the bifurcation diagram framed by rectangle in Figure 1. (A) Black symbols represent dynamic states identified by Method 2 with
increasing ks 3 as control parameter. Circles (e) depict points where only stable steady states were found; right triangles (») depict points where
transition from oscillatory states into stable steady states was observed; squares (W) depict points where only oscillatory states were observed;
left triangles (1) depict points where transition from stable steady states into oscillatory states was observed. (B1-B4) the outlooks of
bifurcation diagrams depicted by corresponding black symbols in the square-bordered examples. The selected points P, Q and R will be

discussed in Figure 4.
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TABLE 2 Oscillation amplitudes of cortisol (Ampl.) in 10~ mol dm™ for two fixed values of k,» and varied values of k1.

k,1(10~® mol dm™ min™")
0)('

Ampl. for all ks 3

1.3725 0
1.4640 0
1.5189 0
1.5555 0
1.6470 0.5695
1.7385 0.9590
1.7751 1.0070
1.8300 0.9810
1.8849 0.8075
1.9215 0.5370
2.1960 0

Ky (1078 mol dm™ min™")

2.745
Ampl. for low ks 3 Ampl. for high ks ;

0 0
0.2400 0
0.7340 0
0.8845 0.3765
1.0100 0.8965
0.7645 1.0100
0.4400 09725

0 0.7970

0 0.2665

0 0

0 0

*If ky = 0, and [AVP], = 0, it corresponds to the initial HPA axis activity model (54).

Values of ks 3< 10° mol™" dm® min" are considered as low ks 3, while ks 3 > 10" mol ™" dm® min™" as high ks 5. A zero-amplitude value indicates the absence of oscillatory states, i.e. the

presence of stable steady states in a denoted case.

Overall, positions of points with all types of dynamics identified
by Method 2 are given in Figure 2A. Their actual nature
qualitatively corresponds to one of the four forms of
bifurcation diagrams presented in Figure 2 Bl — B4. Results in
Figure 2 show that in points which lay far enough outside of the

TABLE 3 Oscillation amplitudes of cortisol concentrations (Ampl.) in 1078

Ky, (10 mol dm™ min™")

1.83
Ampl. for low ks 3 Ampl.
0* 0.9810
0.0183 0.9645
0.1830 0.9440
1.6470 0.4865
1.7385 0.4205
1.8300 0.3385
2.2875 0
2.7450 0
3.2025 0
3.6600 0
3.7515 0
3.8430 0
11.2000 (C1) 0
11.4000 (C2) 0
17.6000 (C3) 0
18.6000 (C4) 0
Higher 0

*If ky = 0 and [AVP], = 0, it corresponds to the initial HPA axis activity model (54).

oscillatory domain (Figure 1), only stable steady states were
obtained for all applied ks ; values (Figure 2, Bl and all such
cases are designated by e). In the case of points lying deep
enough within the oscillatory domain in Figure 1, only
oscillatory states exist for all applied ks (Figure 2, B3 and all

mol dm~3 for two fixed values of k,; and varied k.

k,1 (107 mol dm™ min™")

1.00

for high ks 3 Ampl. for low ks 3 Ampl. for high ks 5
0.9810 0 0
0.9810 0 0
0.9810 0 0
0.9810 0 0
0.9755 0 0
0.9660 0 0
0.9010 0 0
0.7970 0 0
0.6350 0 0
0.3385 0 0
0.2230 0 0

0 0 0

0 0 0

0 0.1550 0

0 0 0.7715

0 0 0

0 0 0

Values of ks 3< 10° mol™" dm® min™" are considered as low ks 3, while kg3 > 10'* mol™" dm? min™" as high ks 5. A zero-amplitude value indicates the absence of oscillatory states, i.e. the

presence of stable steady states in a denoted case.
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FIGURE 3

Bifurcation diagrams obtained with rate constant ks as control
parameter by Methods 1b and 2 (see points C1-C4 in Figure 1). All
points in case C share the same value of k,; = 1 X 10 8 mol dm™
min™, while for each point: C1 (k;» = 11.2 x 1078 mol dm™ min™),
C2 (koo = 114 x 1078 mol dm™ min™), C3 (ko = 17.6 x 1078 mol
dm™ min™) and C4 (ko = 18.6 x 1078 mol dm™ min™). Thin line
represents stable steady state (Method 1b and 2). Unstable steady
states are represented by thick line (Method 1b). Minimums and
maximums in oscillations of cortisol concentrations are represented
by circles (Method 2). All other rate constants used in analysis had
values as presented in Table 1.

such cases are designated by M). It was observed that in this area,
amplitude of oscillations depends on the value of ks 3 and this
dependence was subjected to additional analysis. On the other
hand, in points found in vicinity of both lower and upper
borders of oscillatory domain in Figure 1, transitions from
oscillatory dynamics into stable steady states and vice versa,
respectively, were induced by varying the value of ks 5 (Figure 2,
B2 and B4 and all such cases designated by » and
<, respectively).

A more detailed analysis of the influence of two inflow
reaction constants k; ;, k,, and the synergy reaction constant
ks 5 on the global behavior of the extended HPA model was done
by comparing dynamic states between the bifurcation diagrams
obtained for several fixed values of each of the inflow rate
constant. In the cases where oscillatory dynamic states were
identified, amplitudes and their periods were of particular
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FIGURE 4

Analysis of three cases of combination of k, ; and k;» reaction rate
constants values corresponding to the points P, Q and R in

Figure 2. Point P, ko1 = ko, = 1.830 x 10 8 mol dm™ min™; point
Q, (ko1 and ky,) = (1.738 and 2.745) x 10 mol dm™> min~?,
respectively; point R, (ko1 and ky,) = (1.647 and 4.575) x 10 & mol
dm™ min™, respectively; (P1) - (R1) bifurcation diagrams and (P2) -
(R2) diagrams of change of [CORT] oscillation amplitudes each
obtained with ks 3 as control parameter using Method 2; (P3) - (R3)
temporal evolutions of [CORT] for ksz = 1.098 x 10'® mol™ dm?
min, for the arbitrarily chosen time interval between around 92
and 94 hours. All results referring to the extended HPA model are
depicted by @, ® and thinner curves in diagrams (P1) - (R1), (P2) -
(R2) and (P3) - (R3), respectively. All results referring to the initial
HPA axis model (54) in diagrams (P1) - (R1), (P2) - (R2) and (P3) -
(R3) are depicted by #, ® and thicker curves, respectively. In (P1) -
(R1) bifurcation diagrams, [CORT] maximum and [CORT] minimum
are denoted as pair of @ and pair of # related to corresponding
extended and initial HPA model, respectively. All other rate
constants had values as given in Table 1.

interest for mutual diagrams comparison. In the whole range
of applied changes obtained by varying all three constants, the
oscillation periods varied in very narrow range between 20 min
and 30 min. This variation of periods is even lower within one
bifurcation diagram where oscillatory states occurred; in these
cases, periods were rather constant or nearly constant, although
ks 5 values were applied in extremely wide extent (from 1.098 x
10° to 1.098 x 10%° mol™ dm> min™?!) (data not shown).

On the other hand, the amplitude changes were much more
diverse and interesting. Selected results are presented in
Tables 2, 3. Results in Table 2 show variations of dynamic
states and amplitude values of cortisol oscillations if k; ; is varied
for fixed k; , value. Two typical cases of k, , are given. In the first
case k,,, ky and initial concentration of AVP are all equal to
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FIGURE 5

Temporal evolution of cortisol concentration ([CORT]) for repeating single-pulse perturbations with each stimulator of ACTH release alone and
in combination, for the arbitrarily chosen time interval between around 23 and 40 hours. Graph (A) - the unperturbed extended model of HPA
axis; Graphs (B—D) responses of the HPA axis to repeating pulse perturbations with: (B) CRH (C) AVP and (D) conjoint CRH and AVP. The
perturbation intensities of each stimulator of ACTH secretion were the same in all corresponding cases, [CRH] = 2.5 x 10™° M and AVP [AVP] =
50.0 x 107° M. In all Graphs (B-D), the first pulse perturbations were applied in the maximum-to-minimum inflection point of a selected
ultradian cortisol oscillation starting from the one at 1490 minute (circa 24.8 h) and repeated every 66 minutes, giving a total of 10 pulses
perturbations. In all cases presented in Graphs (A-D), rate constants (k»; and k) = (1.647 and 4.575) x 108 mol dm™ min~* and ks 3 = 1.098 x

10*° mol™ dm?® min™}

, while all other rate constants had values as given in Table 1.

zero. This corresponds to the initial model (54). Under these
conditions, amplitudes do not depend on ks; and hence only
one value of amplitude is given for each k; ; value. In this case,
for lower values of k, ; (such as for k, ;< 1.6470 x 10 mol dm™>
min~') stable steady states were observed first. With k;;
increase, HPA system passes to another stable steady state
transiting through oscillatory region confined between two
supercritical AH bifurcation points. It was also observed that
the amplitudes reach their maximum at a certain k,; value
within oscillatory region, which gradually decreases with
approach to the AH points. In the second case, where k,, is

3

non-zero, for 2.745 x 10~ mol dm™ min! (Figure 2), the
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dynamics is much more complex since dynamic state depends
strongly on values of both ks 5 and k; ;. Namely, for low values of
k, ;, only stable steady states were found as in the first case
(Figure 2, ®). With slightly increased k,; (such as for k,; =
1.4640 x 10°® mol dm™> min™' in Table 2 and Figure 2, »)
oscillatory dynamic states were found in region of low ks 5 values
but stable steady states in the region of high ks; values. With
further increase of k,;, only oscillatory dynamic states are
present for all ks ; values. This refers to four values of k,; in
Table 2, which correspond to four adjacent points denoted by
in Figure 2. Moreover, the values of amplitude were found to be
influenced by ks ;. At modestly low values of k, ;, oscillations
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with higher amplitudes were observed in the region of low ks 5
values, while smaller amplitudes were observed in the region of
high ks 5 values (Table 2, for k,; = (1.5555 and 1.6470) x 10~
mol dm™ min™!). On the other hand, if values of k,, are
modestly high (Table 2, for k,; = (1.7385 and 1.7751) x 1078

* min™'), the ks influence is reversed so that

mol dm™
amplitudes are then positively correlated to kss. It could be
noticed that in this middle k, ; range, for the values of k, ; such
as (1.6470 or 1.7385) x 1078 mol dm™> min "}, the amplitudes are
higher than the ones corresponding to the same values of k; ; in
the initial model (Table 2, k, , = 0), for all applied ks 3 values or
for high ks 3, respectively. Further increase in k; ;, leads to the
value of 1.83 x 10~® mol dm™ min~" which corresponds exactly
to k, value in initial model published in previous paper (54). In
this case, stable steady states and oscillatory states were found for
low and for high ks ; values, respectively (Figure 2, <a). Finally,
for the highest used values of k; ;, such as (1.9215 and 2.1960) x
10~® mol dm™> min ™" in Table 2, only stable steady states were
observed in the whole ks; range. This corresponds to two
adjacent points in Figure 2, depicted by e.

The observed changes in cortisol oscillation amplitudes
when ks ; is used as control parameter are localized in range
of kg3 values lying roughly between 10® and 10" mol™' dm’®
min ! (See, for example, cases B1 — B4 in Figure 2), although this
rate constant was varied in wide interval of values between 1.098
x 10° and 1.098 x 10°° mol ™' dm’ min™".

Relationships between dynamic states and amplitude values
of cortisol oscillations when k, , is varied for fixed k, ; value are
shown in Table 3. Two typical cases of k, ; were considered in
the extended model. For the first case, k, ; was chosen to be equal
to 1.83 x 10~® mol dm > min~" so that the extended model could
be appropriately compared with the initial model (54). The other
case corresponding to k, ; = 1.00 x 107® mol dm™ min™" is more
general, providing conditions for a complete set of dynamic
states similar to the ones obtained in bifurcation diagrams B1 -
B4 (Figure 2). This case also corresponds to line C in Figure 1
and is used as a representative example to explain the HPA
system behavior near the bifurcation points (Figure 3).

Namely, the first case, where k; ; is equal to 1.83 x 1078 mol
dm™ min ", shares the same rate constant value of the CRH
inflow as the initial HPA model (54), for which the system is in
the oscillatory state with amplitude of 0.981 x 10~® mol dm > (as
fork,, =0,k =0and [AVP], = 0 in Table 3 and point depicted
by M laying on the x-axis itself in Figure 2). For very low value of
Kk, such as 0.0183 x 10~ mol dm™ min™", there is a weak to
non-existent influence of ksj. Oscillations are observed
(Figure 2, M) and almost unchanged in the whole range of ks 5
values (Table 3). The contribution of AVP to system’s dynamics
(if any) would probably originate predominantly from the
magnocellular inflow source, since k, has greater influence
than k; , in the vicinity of x-axis (where k,, — 0). Yet, for the
value of k, equal to 1.537 x 10™° mol dm ™ min ™" (Table 1), ky is
inferior to the impact of the rate constant of CRH inflow.
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Therefore, with ks 3 increase, system exhibit behavior similar
to the behavior of the initial model. However, by increasing k; ,,
the effect of ks ; becomes noticeable. First, increasing the value of
k,, leads to faster oscillation amplitudes decrease for low ks ;
compared to the high ks; values. With further k,, increase,
system transits through AH bifurcation point and oscillatory
states are replaced by stable steady states for low ks;, while
oscillations for high ks; continue to decrease (Table 3 and
Figure 2, five adjacent ). Finally, for sufficiently large k,,,
oscillatory states completely disappear for high ks 5 values. With
any further k,, increase, ks; does not have any significant
influence on HPA dynamics and only stable steady states
could be observed for all ks 3 values. This corresponds to two
adjacent points denoted by e in Figure 2.

In the other case, where k, ; is equal to 1.00 x 10~® mol dm™>
min~', the HPA system is in stable steady states for the lowest
k,, values, unlike in the first case. By increasing the k, ,, the
system passes through the oscillatory domain via two AH
bifurcations and finally enters to other stable steady states for
higher k,, values (Figure 1). This value of k,; belongs to the
points C1 - C4 region in Figure 1. The global behavior of the
system in the vicinity of these two AH bifurcations was
examined in these four points on line C which are listed in
Table 3. Two of them (C1 and C2) are very close to the first
(lower) AH bifurcation and the other two (C3 and C4) are very
close to the second one (upper). Obviously, the points were
chosen to cover both sides of bifurcation points. Namely, for the
lowest ks , value (11.20 x 10 mol dm™ min™), corresponding
to the point found below the first (lower) AH bifurcation
(Figure 1, C1), only stable steady states were detected for all
ks ; values. For the nearby value of the k,, which is on the
opposite side of this AH bifurcation (Figure 1, C2), oscillations
were detected for low ks 5 values, but only stable steady states for
high ks 5 values. On the other hand, by increasing the k; , to the
value slightly below the second (upper) AH bifurcation
(Figure 1, C3), dynamic states were inversed so that oscillatory
states were then observed only for high ks 5 values, while for low
ks 5 values, only stable steady states were present. For the nearby
value of k,, (18.60 x 107 mol dm™ min™") which is a bit above
this AH bifurcation (Figure 1, C4), stable steady states were
detected in the whole range of applied ks ; values. Described four
bifurcation diagrams for points C1-C4 obtained by Method 1b
and Method 2 are shown in Figure 3.

Both Method 1b and Method 2, provide mutually consistent
results in a sense that oscillations are obtained when steady state
is unstable and oscillations are absent if steady state is stable.
From Figure 3, it may be noticed that change of cortisol
concentrations during the transition from one steady state to
another in points Cl1 and C4, is localized within relatively
narrow and middle interval of ks ; values close to the positions
of the AH bifurcation points observed in points C2 and C3. At
the same time, in vicinity of AH bifurcation points, cortisol
steady-state concentrations are gradually changed. The above

frontiersin.org


https://doi.org/10.3389/fendo.2022.976323
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Stojiljkovic et al.

described behavior presented in Figure 3 can also be found in
bifurcation diagrams Bl - B4 presented in Figure 2 with the
similar ks; interval. Additionally, change of amplitude of
cortisol oscillations in bifurcation diagram B3 in Figure 2 is
confined within the same range of ks ; values. Out of this range,
for ks 3< 10* mol™" dm?® min™" and ks 5 > 10"> mol™" dm® min~",
that correspond to low and high ks; values, respectively,
dynamic states are almost independent on ks;. Described
global behavior of the system is the result of investigations in
points on line C very close to the boundaries of the oscillatory
domain obtained by Method 1a for ks 3 = 3.66 x 10°> mol™! dm’®
min~! (Table 1). If oscillatory domain is obtained for different
ks 5 value, some of these points, if not all, (including the ones on
A, B, D and E lines) may be positioned differently relative to the
new borders of oscillatory domain. This could provide an
additional insight into the interpretation of corresponding
bifurcation diagrams in Figures 3, 2.

In order to further correlate obtained results with
experimental findings in the literature, the examinations of
mutual combinations of k,; and k,, values for which system
transits into oscillatory states of higher amplitudes with increase of
control parameter (ks ;) were of particular interest. Three types of
distinct changes were found by comparing how amplitude of
oscillations increases with control parameter in the initial and
extended model when their CRH inflow is the same. They will be
discussed in more details using the examples of points P, Q and R
in Figure 2: point P (k,; = k;, = 1.830 x 10 mol dm™ min™"),
point Q (ky; = 1.738 x 1078 mol dm ™ min ™, k,, = 2.745 x 107°
mol dm™ min™") and point R (k,; = 1.647 x 10°® mol dm™
min~}, ky, = 4575 x 10® mol dm™ min™"). In Figure 4, the
bifurcation diagrams ((P1) - (R1), <), and diagrams of variation
of [CORT] oscillation amplitudes ((P2) - (R2), ®) in all three
points, together with the samples of temporal evolutions of
[CORT] for ks 5 = 1.098 x 10'® mol™ dm® min™" ((P3) - (R3),
thinner curves) in an arbitrarily selected time interval are
presented. Results referring to the initial model (54) for the
same values of the rate constant of CRH inflow as in cases P, Q
and R, are incorporated into corresponding diagrams in Figure 4
and depicted by symbols ¢, ® and thicker curves. Namely, the
increase of [CORT] amplitudes with ks 5 increase can be clearly
seen in all three cases P, Q and R in diagrams (P1) - (R1) (@) and
(P2) - (R2) (®). However, it could be noticed that in the case P,
oscillation amplitudes of [CORT] in extended model are lower
than the ones in the initial model in the whole range of applied ks 3
[Figure 4, (P2)]. Inversely, in the case R, oscillation amplitudes of
[CORT] are higher in the extended model than the one in initial
model for all applied ks 5 [Figure 4, (R2)] and could be about 1.3-
to 2-fold greater. On the other hand, for a certain combination of
k,; and k, , values, [CORT] amplitudes in extended model could
exceed the one corresponding to the initial model, but only for
high ks 5 values, as indicated in the case Q [Figure 4, (Q2)]. The
described [CORT] amplitude differences between two models in
all three cases could also be directly observed in Figure 4, (P3) -
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(R3) for ks; = 1.098 x 10'® mol™' dm® min™". Due to the
indications of conditions in the extended model under which
amplitude of [CORT] ultradian oscillations may increase due to
synergistic effect of CRH and AVP on stimulating ACTH
secretion by corticotrope cells, the extended model for point R
was subjected to further analysis.

Hence, in silico perturbation experiments were performed to
additionally assess the predictive potential of the extended model
in the conditions corresponding to point R (Figure 2) and ks 5 =
1.098 x 10" mol™ dm?® min™' (a value around the middle in
Figure 4, (R1) and (R2)). The perturbations were induced by
repeating single-pulse changes in CRH and AVP concentrations
applied both separately and conjointly, and which were
consistent in intensity and time of application. Results are
presented in Figure 5 and show the apparent influence of
acute changes in CRH or/and AVP levels on global ultradian
dynamics of the HPA axis model.

As expected, separate perturbations with CRH and AVP
elicited a quantitatively similar response of the HPA axis
extended model, only if applied concentration (perturbation
intensity) of AVP was order of magnitude higher compared to
CRH (Figures 5B, C). Also, a synergistic effect is observed in the
changes of the cortisol oscillation amplitudes in response to their
concurrent perturbations (Figure 5D). The pattern of the system
response to this perturbation is qualitatively similar to the one
induced by perturbations with CRH solely. Moreover, as
expected from our previous experience (54, 62), perturbations
caused a highly variable response depending on the phase angle
of the selected ultradian oscillation at which the first
perturbation was applied. Therefore, even uniform periodic
perturbations with small intensities induced strongly irregular
(stochastic) appearances of [ACTH] (not shown) and
[CORT] oscillations.

Discussions

According to presented results, various ultradian oscillatory
dynamics can be achieved, depending on the individual values of
CRH and AVP inflows, as well as the rate constant of their
synergistic reaction. For a particular combination of the values of
inflows rate constants used in this study, there are values of
synergy rate constant ks 3 that could influence the HPA system
to enter into the oscillatory dynamic states from stable steady
state and vice versa. It has been found that transitions between
these dynamic states were always through supercritical AH
bifurcation point.

Due to the features of the supercritical AH bifurcation, some
of the well-documented properties of the HPA axis activity could
be more plausibly reproduced. For instance, elasticity of HPA
axis in adjusting its dynamics in order to maintain homeostasis
under the action of stressful stimuli can be simulated by
reversible transitions between stable steady and oscillatory
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dynamic states in the vicinity of supercritical AH bifurcation.
These dynamic transitions are characterized by gradual decrease
in ultradian oscillation amplitudes as the system approaches
supercritical AH bifurcation, causing the system to exhibit
growing response to the same perturbation intensity.

It should be pointed out that above described qualitative
dynamic transitions in HPA axis activity under the influence of
synergy rate constant are related to the system’s global behavior
in points close to the boundaries of the oscillatory domain
obtained by Method la for the value of ks3 in Table 1
(Figure 1). For oscillatory domain obtained for different ks 3
value, some of these points, if not all, may be positioned
differently relative to the new borders of oscillatory domain.
This could provide rather additional insight into the
interpretation of their bifurcation diagrams in Figure 3, but in
Figure 2 as well.

On the other hand, for examined points lying deep enough
within the oscillatory domain, much more diverse quantitative
changes in HPA activity were identified in corresponding
bifurcation diagrams. Comparison of the results of bifurcation
analyses for points in which amplitude of cortisol oscillations
increases with ks 5 in the initial and extended model for the same
CRH inflow constant, revealed that extended model is capable to
provide potential conditions under which ultradian amplitudes
of cortisol concentrations could increase several-fold due to
CRH and AVP synergistic action on corticotrope cells. This is
in agreement with experimental observations in studies
conducted on humans during stress (39, 44-47).

The potential of the extended model under selected
conditions to anticipate a synergistic effect in the HPA axis
ultradian dynamics response was verified in in silico experiments
with perturbations induced by repeating single-pulse changes in
CRH and AVP concentrations applied both separately and
simultaneously (Figure 5). The observed qualitative similarity
between response patterns of the HPA axis to perturbation with
CRH solely and conjointly with AVP (Figures 5B, D) can be also
found between the results of experiments in humans with 10-
hour infusions of CRH and of both peptides simultaneously (39).
Although cortisol oscillations obtained by the proposed model
are extremely regular (both in period and amplitude)
(Figure 5A), the ones obtained after series of single-pulse
perturbations that were regular in intensity and time of
application, are irregular (chaotic) (Figures 5B-D). They
actually more resemble experimentally measured cortisol level
fluctuations frequently encountered in literature (4, 8, 9, 18, 21-
23, 38, 55, 63-65), while cortisol oscillations obtained by the
extended model under conditions that may be regarded as ideal
for the HPA axis (i.e. without any perturbation over the time
whatsoever). Moreover, the sensitivity of an oscillatory dynamics
depends strongly on the phase angle of the selected ultradian
oscillation at which the first perturbation was applied and thus
cortisol oscillations amplitude may decrease, increase or remain
unaltered. Nevertheless, further in silico examinations of the
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proposed extended model under these and similar conditions are
required to fully address stress-related effects of AVP and CRH
on HPA ultradian dynamics reported in the literature.

Furthermore, the extended model simulated the
experimentally observed inferiority of AVP as an ACTH
secretion stimulator compared to CRH in humans. Namely,
both in human (39, 43-47, 55) and in rat (26, 36-38, 40, 41),
CRH reaction pathway is considered to be dominant in
pituitary-adrenal regulation. There are results in several
studies in vitro in rat anterior pituitary cells and in vivo in
rats, indicating the necessity for much higher concentrations of
exogenously administered AVP in order to induce similar effects
on ACTH secretion as certain injected CRH concentrations (37,
38, 40, 41). In line with above mentioned experimental findings,
results in Figure 1 show that a much larger (circa by an order of
magnitude) increase in the values of parvocellular AVP inflow
source (k;,) is required to retain HPA model in the oscillatory
regime after a small decrease in the value of parvocellular CRH
inflow source (k; ;). Additionally, an order of magnitude higher
AVP perturbation intensity (AVP concentration) was needed to
induce quantitatively similar response of HPA axis model to the
one elicited by perturbation with CRH solely (Figures 5B, C).
Moreover, the extended model predicted the CRH reaction
pathway to almost completely prevail over the AVP reaction
pathway under certain condition (Figures 1, 2). However, for
some other conditions given in Figure 1, the extended model also
predicted the feasibility of AVP reaction pathway governed by
parvocellular AVP inflow source to take over the CRH
supremacy (Figure 1). In similar conditions, the possibility for
the HPA axis to exhibit oscillatory dynamics for negligible
amounts of CRH was shown as well.

Additionally, during stress, particularly chronic stress and
after adrenalectomy, the number of parvocellular CRH
neurosecretory cells that co-produce AVP was found to
increase considerably as do the amounts of synthesized AVP
compared to CRH per cell (66, 67). Very good agreement with
these experimental findings was obtained in simulations using
the extended model proposed here, where by increasing the k; »
value much more than the value of k, ;, higher AVP to CRH
concentration ratios could be yielded (Figure 1).

At the same time, during all the analyses conducted in this
study, oscillating nature of dynamic state, and even frequency of
cortisol ultradian oscillations has been found relatively sustained
under all investigated conditions. This is in line with
experimental findings indicating preserved endogenous HPA
pulsing system in humans under various conditions (6, 9, 39).

Although, the HPA axis activity model proposed here is
capable to provide good results, it however also inherited several
limitations. The most notable limitation stems from the
conciseness of the model where many complex processes were
represented by summarized and simplified reaction steps (R1) -
(R15) in Table 1. Thereby, since the peptide precursors of ACTH
and other steroid hormones were not included in the initial
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model, nor in the current extended model, concentration of
ACTH was several orders beyond its reference range values. This
discrepancy may be corrected by further model augmentation
with introduction of lacking reaction species and their relations,
in a similar way as it was done with preceding models (54, 68, 69,
for instance) that were developed from our core model (58). The
same “strategy” would be applied if a certain process or the
influence of a certain bioactive substance ought to be examined
in more details in regard to its role in HPA axis activity, such as:
cAMP/PKA, PLC/IP(3), DAG/PKC signal transduction
pathways, gene transcription and translation, epinephrine
(adrenalin), angiotensin II, etc. On the other hand, the low-
dimensional models can be more easily manipulated
mathematically with aim to define desirable dynamic states,
before being extended for different applications. This is usually
not the case with more detailed non-stoichiometric models.
Based on the results presented in this study, stoichiometric
modeling approach, bifurcation analyses and numerical
simulations have proven to be very helpful in comprehending
the complex involvement of AVP in HPA axis ultradian
dynamics. The proposed model provides a good basis for
further investigation of conditions in which the particularly
amplified effect of CRH on corticotrope cells by magnocellular
AVP can be of vital importance. These conditions are associated
with life-threatening circumstances such as the risk of
hyponatremia due to severe hypovolemia that can occur
during arduous physical work or those requiring long-term
sustained rise of adrenal corticosteroids due to their known
immunosuppressant and anti-inflammatory effects.
Furthermore, since it is known that “AVP regulates ACTH
release under certain conditions, and exogenously
administered AVP is used clinically to stimulate ACTH
secretion” (70) as well as that considered process is very
complex for experimental investigations, the proposed model
with related numerical simulations can be obviously useful for
determining the appropriate drug dose for therapeutic purposes.

Conclusions

The proposed extended HPA model is positively correlated
with several experimental findings in the literature and offers the
potential to proceed in silico investigations of the influence of
AVP and its synergistic action with CRH on the HPA axis
dynamics. Expanding the pre-existing initial HPA model with
AVP contributes to the enhancement of the model’s
comprehensiveness and biological plausibility, while still being
sufficiently tractable to mathematical analysis and numerical
simulation, despite the increased number of dynamic variables.
Moreover, the presented model provides a good basis for its
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further development and adjustments to align with experimental
finding under physiologically normal as well as various stressful
conditions. Further refinement of the present model seems to be
necessary if hormone levels should be quantitatively compared
with experimental measurements and if apparently stochastic
form of oscillations would be the aim of some future study.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Author contributions

ASS contributed to conception of the study, extended model
development and adjustments, conducting the analysis, results
processing and interpretation, manuscript writing. ZC wrote the
first manuscript draft, contributed to extended model
development and adjustments, study design, organizing the
results and interpretation. SM contributed to conducting the
analysis and results processing. AI-S also contributed to
conducting the analysis, the results processing and
interpretation. LjK-A contributed to study design, extended
model development and adjustments, to results organization
and interpretation. All authors listed have made a substantial,
direct and intellectual contribution to the work, manuscript
revision and approved submitted version.

Funding

We are thankful for the financial support from the Ministry
of Sciences and Technology of Republic of Serbia (Grant
Numbers 172015 and 45001, and Contract numbers: 451-03-
68/2022-14/200026, 451-03-68/2022-14/200146 and 451-03-68/
2022-14/200051. This research was also supported by Science
Fund of Republic of Serbia #Grant Number. 7743504,
Physicochemical aspects of rhythmicity in NeuroEndocrine
Systems: Dynamic and kinetic investigations of underlying
reaction networks and their main compounds, NES.

Acknowledgments

We are grateful to Dr. Ana Stanojevi¢, a formerly employee of
the Faculty of Physical Chemistry, University of Belgrade, who
was working with us at the beginning of these investigations.

frontiersin.org


https://doi.org/10.3389/fendo.2022.976323
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Stojiljkovic et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Tsigos C, Chrousos GP. Hypothalamic-pituitary-adrenal axis,
neuroendocrine factors and stress. J Psychosom Res (2002) 53(4):865-71.
doi: 10.1016/s0022-3999(02)00429-4

2. Miller WL, Chrousos GP. “The adrenal cortex ”. In: Felig P, Frohman L,
editors. endocrinology and metabolism. New York, NY: McGraw-Hill (2001).
p. 387-524.

3. Lightman SL, Windle R], Ma XM, Harbuz MS, Shanks NM, Julian MD, et al.
Hypothalamic-pituitary—adrenal function. Arch Physiol Biochem (2002) 110(1-
2):90-3. doi: 10.1076/apab.110.1.90.899

4. Hartmann A, Veldhuis JD, Deuschle M, Standhardt H, Heuser I. Twenty-
four hour cortisol release profiles in patients with alzheimer’s and parkinson’s
disease compared to normal controls: ultradian secretory pulsatility and diurnal
variation. Neurobiol Aging (1997) 18(3):285-9. doi: 10.1016/s0197-4580(97)
80309-0

5. Gavrila A, Peng CK, Chan JL, Mietus JE, Goldberger AL, Mantzoros CS.
Diurnal and ultradian dynamics of serum adiponectin in healthy men: comparison
with leptin, circulating soluble leptin receptor, and cortisol patterns. J Clin
Endocrinol Metab (2003) 88(6):2838-43. doi: 10.1210/jc.2002-021721

6. Veldhuis JD, Iranmanesh A, Johnson ML, Lizarralde G. Amplitude, but not
frequency, modulation of adrenocorticotropin secretory bursts gives rise to the
nyctohemeral rhythm of the corticotropic axis in man. J Clin Endocrinol Metab
(1990) 71(2):452-63. doi: 10.1210/jcem-71-2-452

7. Charloux A, Gronfier C, Lonsdorfer-Wolf E, Piquard F, Brandenberger G.

Aldosterone release during the sleep-wake cycle in humans. Am J Physiol (1999)
276(1):e43-9. doi: 10.1152/ajpendo.1999.276.1.E43

8. Engler D, Pham T, Fullerton MJ, Ooi G, Funder JW, Clarke IJ. Studies of the
secretion of corticotropin-releasing factor and arginine vasopressin into the
hypophysial—-portal circulation of the conscious sheep. i. effect of an audiovisual
stimulus and insulin-induced hypoglycemia. Neuroendocrinology (1989) 49
(4):367-81. doi: 10.1159/000125141

9. Calogero AE, Norton JA, Sheppard BC, Listwak SJ, Cromack DT, Wall R,
et al. Pulsatile activation of the hypothalamic—pituitary-adrenal axis during major
surgery. Metabolism (1992) 41(8):839-45. doi: 10.1016/0026-0495(92)90164-6

10. Vanitallie TB. Stress: a risk factor for serious illness. Metabolism (2002) 51(6
Suppl 1):40-5. doi: 10.1053/meta.2002.33191

11. Frohman LA, Downs TR, Clarke IJ, Thomas GB. Measurement of growth
hormone-releasing hormone and somatostatin in hypothalamic-portal plasma of
unanesthetized sheep. spontaneous secretion and response to insulin-induced
hypoglycemia. J Clin Invest (1990) 86(1):17-24. doi: 10.1172/JCI114681

12. Chihara K, Arimura A, Schally AV. Immunoreactive somatostatin in rat
hypophyseal portal blood: effects of anesthetics. Endocrinology (1979) 104(5):1434—
41. doi: 10.1210/endo-104-5-1434

13. Stafford PJ, Kopelman PG, Davidson K, McLoughlin L, White A, Rees LH,
et al. The pituitary-adrenal response to CRF-41 is unaltered by intravenous
somatostatin in normal subjects. Clin Endocrinol (Oxf) (1989) 30(6):661-6.
doi: 10.1111/j.1365-2265.1989.tb00272.x

14. Petraglia F, Facchinetti F, D’Ambrogio G, Volpe A, Genazzani AR.
Somatostatin and oxytocin infusion inhibits the rise of plasma beta—endorphin,
beta-lipotrophin and cortisol induced by insulin hypoglycemia. Clin Endocrinol
(Oxf) (1986) 24(6):609-16. doi: 10.1111/j.1365-2265.1986.tb01656.x

Frontiers in Endocrinology

14

10.3389/fendo.2022.976323

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fendo.2022.976323/full#supplementary-material

15. Kiss JZ. Dynamism of chemoarchitecture in the hypothalamic
paraventricular nucleus. Brain Res Bull (1988) 20(6):699-708. doi: 10.1016/0361-
9230(88)90080-9

16. Swanson LW, Sawchenko PE, Lind RW, Rho JH. The CRH motoneuron:
differential peptide regulation in neurons with possible synaptic, paracrine, and
endocrine outputs. Ann N Y Acad Sci (1987) 512(1):12-23. doi: 10.1111/j.1749—
6632.1987.tb24948.x

17. Swanson LW, Simmons DM. Differential steroid hormone and neural
influences on peptide mRNA levels in CRH cells of the paraventricular nucleus:
a hybridization histochemical study in the rat. ] Comp Neurol (1989) 285(4):413—
35. doi: 10.1002/cne.902850402

18. Caraty A, Grino M, Locatelli A, Oliver C. Secretion of corticotrophin
releasing factor (CRF) and vasopressin (AVP) into the hypophysial portal blood
of conscious, unrestrained rams. Biochem Biophys Res Commun (1988) 155(2):841—
9. doi: 10.1016/s0006-291x(88)80572-2

19. Plotsky PM, Bruhn TO, Vale W. Evidence for multifactor regulation of the
adrenocorticotropin secretory response to hemodynamic stimuli. Endocrinology
(1985) 116(2):633-9. doi: 10.1210/endo-116-2-633

20. Plotsky PM, Bruhn TO, Vale W. Central modulation of immunoreactive
corticotropin-releasing factor secretion by arginine vasopressin. Endocrinology
(1984) 115(4):1639-41. doi: 10.1210/endo-115-4-1639

21. Redekopp C, Irvine CH, Donald RA, Livesey JH, Sadler W, Nicholls MG,
et al. Spontaneous and stimulated adrenocorticotropin and vasopressin pulsatile
secretion in the pituitary venous effluent of the horse. Endocrinology (1986) 118
(4):1410-6. doi: 10.1210/endo-118-4-1410

22. Livesey JH, Donald RA, Irvine CH, Redekopp C, Alexander SL. The effects
of cortisol, vasopressin (AVP), and corticotropin-releasing factor administration
on pulsatile adrenocorticotropin, alpha-melanocyte-stimulating hormone, and
AVP secretion in the pituitary venous effluent of the horse. Endocrinology (1988)
123(2):713-20. doi: 10.1210/endo-123-2-713

23. Liu J-P, Clarke IJ, Funder JW, Engler D. Studies of the secretion of
corticotropin-releasing factor and arginine vasopressin into the hypophysial-
portal circulation of the conscious sheep. II. the central noradrenergic and
neuropeptide y pathways cause immediate and prolonged hypothalamic—
pituitary—adrenal activation. potential involvement in the pseudo-cushing’s
syndrome of endogenous depression and anorexia nervosa. J Clin Invest (1994)
93(4):1439-50. doi: 10.1172/JCI117121

24. Gudelsky GA, Porter JC. Release of newly synthesized dopamine into the
hypophysial portal vasculature of the rat. Endocrinology (1979) 104(3):583-7.
doi: 10.1210/endo-104-3-583

25. Ishibashi M, Yamaji T. Direct effects of thyrotropin-releasing hormone,
cyproheptadine, and dopamine on adrenocorticotropin secretion from human
corticotroph adenoma cells in vitro. J Clin Invest (1981) 68(4):1018-27.
doi: 10.1172/jci110324

26. Vale W, Vaughan J, Smith M, Yamamoto G, Rivier J, Rivier C. Effects of
synthetic ovine corticotropin-releasing factor, glucocorticoids, catecholamines,
neurohypophysial peptides, and other substances on cultured corticotropic cells.
Endocrinology (1983) 113(3):1121-31. doi: 10.1210/endo-113-3-1121

27. Lim AT, Sheward W], Copolov D, Windmill D, Fink G. Atrial natriuretic
factor is released into hypophysial portal blood: direct evidence that atrial
natriuretic factor may be a neurohormone involved in hypothalamic pituitary

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2022.976323/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2022.976323/full#supplementary-material
https://doi.org/10.1016/s0022&ndash;3999(02)00429&ndash;4
https://doi.org/10.1076/apab.110.1.90.899
https://doi.org/10.1016/s0197&ndash;4580(97)80309&ndash;0
https://doi.org/10.1016/s0197&ndash;4580(97)80309&ndash;0
https://doi.org/10.1210/jc.2002&ndash;021721
https://doi.org/10.1210/jcem&ndash;71&ndash;2&ndash;452
https://doi.org/10.1152/ajpendo.1999.276.1.E43
https://doi.org/10.1159/000125141
https://doi.org/10.1016/0026&ndash;0495(92)90164&ndash;6
https://doi.org/10.1053/meta.2002.33191
https://doi.org/10.1172/JCI114681
https://doi.org/10.1210/endo&ndash;104&ndash;5&ndash;1434
https://doi.org/10.1111/j.1365&ndash;2265.1989.tb00272.x
https://doi.org/10.1111/j.1365&ndash;2265.1986.tb01656.x
https://doi.org/10.1016/0361&ndash;9230(88)90080&ndash;9
https://doi.org/10.1016/0361&ndash;9230(88)90080&ndash;9
https://doi.org/10.1111/j.1749&ndash;6632.1987.tb24948.x
https://doi.org/10.1111/j.1749&ndash;6632.1987.tb24948.x
https://doi.org/10.1002/cne.902850402
https://doi.org/10.1016/s0006&ndash;291x(88)80572&ndash;2
https://doi.org/10.1210/endo&ndash;116&ndash;2&ndash;633
https://doi.org/10.1210/endo&ndash;115&ndash;4&ndash;1639
https://doi.org/10.1210/endo&ndash;118&ndash;4&ndash;1410
https://doi.org/10.1210/endo&ndash;123&ndash;2&ndash;713
https://doi.org/10.1172/JCI117121
https://doi.org/10.1210/endo&ndash;104&ndash;3&ndash;583
https://doi.org/10.1172/jci110324
https://doi.org/10.1210/endo&ndash;113&ndash;3&ndash;1121
https://doi.org/10.3389/fendo.2022.976323
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Stojiljkovic et al.

control. J Neuroendocrinol (1990) 2(1):15-8. doi: 10.1111/j.1365-2826.1990.
tb00386.x

28. Grammatopoulos DK, Chrousos GP. Functional characteristics of CRH
receptors and potential clinical applications of CRH-receptor antagonists. Trends
Endocrinol Metab (2002) 13(10):436-44. doi: 10.1016/s1043-2760(02)00670-7

29. De Souza EB, Perrin MH, Whitehouse PJ, Rivier J, Vale W, Kuhar MJ.
Corticotropin-releasing factor receptors in human pituitary gland:
autoradiographic localization. Neuroendocrinology (1985) 40(5):419-22.
doi: 10.1159/000124107

30. Smith SM, Vale WW. The role of the hypothalamic—pituitary-adrenal axis
in neuroendocrine responses to stress. Dialogues Clin Neurosci (2006) 8(4):383-95.
doi: 10.31887/DCNS.2006.8.4/ssmith

31. Benarroch EE. Oxytocin and vasopressin: social neuropeptides with
complex neuromodulatory functions. Neurology (2013) 80(16):1521-8.
doi: 10.1212/WNL.0b013e31828cfb15

32. Volpi S, Rabadan-Diehl C, Aguilera G. Vasopressinergic regulation of the
hypothalamic pituitary adrenal axis and stress adaptation. Stress (2004) 7(2):75-83.
doi: 10.1080/10253890410001733535

33. van de Pavert SA, Clarke IJ, Rao A, Vrana KE, Schwartz J. Effects of
vasopressin and elimination of corticotropin-releasing hormone-target cells on
pro-opiomelanocortin mRNA levels and adrenocorticotropin secretion in ovine
anterior pituitary cells. J Endocrinol (1997) 154(1):139-47. doi: 10.1677/
j0e.0.1540139

34. Liu J-P, Robinson PJ, Funder JW, Engler D. The biosynthesis and secretion
of adrenocorticotropin by the ovine anterior pituitary is predominantly regulated
by arginine vasopressin (AVP). evidence that protein kinase ¢ mediates the action
of AVP. J Biol Chem (1990) 265(24):14136-42. doi: 10.1016/s0021-9258(18)
77278-5

35. Kemppainen RJ, Clark TP, Sartin JL, Zerbe CA. Hypothalamic peptide
regulation of ACTH secretion from sheep pituitary. Am J Physiol (1993) 265(4 Pt
2):R840-845. doi: 10.1152/ajpregu.1993.265.4.R840

36. Gillies GE, Linton EA, Lowry PJ. Corticotropin releasing activity of the new
CREF is potentiated several times by vasopressin. Nature (1982) 299(5881):355-7.
doi: 10.1038/299355a0

37. Familari M, Smith AL Smith R, Funder JW. Arginine vasopressin is a much
more potent stimulus to ACTH release from ovine anterior pituitary cells than
ovine corticotropin-releasing factor. i. I vitro studies. Neuroendocrinology (1989)
50(2):152-7. doi: 10.1159/000125214

38. Deng Q, Zhang Z, Wu Y. The pulsatility of ACTH secretion in the rat
anterior pituitary cell perifusion system. Cell Physiol Biochem (2017) 41(1):154-62.
doi: 10.1159/000455984

39. Roelfsema F, Aoun P, Takahashi PY, Erickson D, Yang R, Veldhuis JD.
Regulation of pulsatile and entropic ACTH secretion under fixed exogenous
secretagogue clamps. J Clin Endocrinol Metab (2017) 102(7):2611-9.
doi: 10.1210/jc.2017-00115

40. Watanabe T, Orth DN. Detailed kinetic analysis of adrenocorticotropin
secretion by dispersed rat anterior pituitary cells in a microperifusion system:
effects of ovine corticotropin-releasing factor and arginine vasopressin.
Endocrinology (1987) 121(3):1133-45. doi: 10.1210/endo-121-3-1133

41. Rivier C, Vale W. Interaction of corticotropin-releasing factor and arginine
vasopressin on adrenocorticotropin secretion in vivo. Endocrinology (1983) 113
(3):939-42. doi: 10.1210/endo-113-3-939

42. Schwartz ], Vale W. Dissociation of the adrenocorticotropin secretory
responses to corticotropin-releasing factor (CRF) and vasopressin or oxytocin by
using a specific cytotoxic analog of CRF. Endocrinology (1988) 122(4):1695-700.
doi: 10.1210/endo-122-4-1695

43. Milsom SR, Conaglen JV, Donald RA, Espiner EA, Nicholls MG, Livesey JH.
Augmentation of the response to CRF in man: relative contributions of endogenous
angiotensin and vasopressin. Clin Endocrinol (Oxf) (1985) 22(5):623-9.
doi: 10.1111/j.1365-2265.1985.tb02998.x

44. Salata RA, Jarrett DB, Verbalis JG, Robinson AG. Vasopressin stimulation of
adrenocorticotropin hormone (ACTH) in humans. In vivo bioassay of
corticotropin-releasing factor (CRF) which provides evidence for CRF mediation
of the diurnal rhythm of ACTH. J Clin Invest (1988) 81(3):766-74. doi: 10.1172/
JCI113382

45. DeBold CR, Sheldon WR, DeCherney GS, Jackson RV, Alexander AN, Vale
W, et al. Arginine vasopressin potentiates adrenocorticotropin release induced by
ovine corticotropin-releasing factor. J Clin Invest (1984) 73(2):533-8. doi: 10.1172/
JCI111240

46. LiuJH, Muse K, Contreras P, Gibbs D, Vale W, Rivier J, et al. Augmentation
of ACTH-releasing activity of synthetic corticotropin releasing factor (CRF) by
vasopressin in women. J Clin Endocrinol Metab (1983) 57(5):1087-9. doi: 10.1210/
jcem-57-5-1087

Frontiers in Endocrinology

10.3389/fendo.2022.976323

47. Lamberts SW, Verleun T, Oosterom R, de Jong F, Hackeng WH.
Corticotropin-releasing factor (ovine) and vasopressin exert a synergistic effect
on adrenocorticotropin release in man. J Clin Endocrinol Metab (1984) 58(2):298—
303. doi: 10.1210/jcem-58-2-298

48. Antoni FA. Vasopressinergic control of pituitary adrenocorticotropin
secretion comes of age. Front Neuroendocrinol (1993) 14(2):76-122. doi: 10.1006/
frne.1993.1004

49. Aguilera G. Regulation of pituitary ACTH secretion during chronic stress.
Front Neuroendocrinol (1994) 15(4):321-50. doi: 10.1006/frne.1994.1013

50. Chrousos GP. Editorial: Ultradian, circadian, and stress-related
hypothalamic-pituitary-adrenal axis activity-a dynamic digital-to-analog
Modulation. Endocrinology (1998) 139(2):437-40. doi: 10.1210/endo.139.2.5857

51. Antoni FA. Magnocellular vasopressin and the mechanism of
“Glucocorticoid escape”. Front Endocrinol (Lausanne) (2019) 10:422.
doi: 10.3389/fend0.2019.00422

52. Keenan DM, Licinio ], Veldhuis JD. A feedback-controlled ensemble model
of the stress-responsive hypothalamo-pituitary—adrenal axis. Proc Natl Acad Sci U
S A (2001) 98(7):4028-33. doi: 10.1073/pnas.051624198

53. Keenan DM, Wang X, Pincus SM, Veldhuis JD. Modelling the nonlinear
time dynamics of multidimensional hormonal systems. J Time Ser Anal (2012) 33
(5):779-96. doi: 10.1111/j.1467-9892.2012.00795.x

54, Markovi¢ VM, Cupié Z, Mace$i¢ S, Stanojevi A, Vukojevié V, Kolar-Anié
Lj. Modelling cholesterol effects on the dynamics of the hypothalamic—pituitary—
adrenal (HPA) axis. Math Med Biol (2016) 33(1):1-28. doi: 10.1093/imammb/
dqu020

55. Engler D, Redei E, Kola I. The corticotropin-release inhibitory factor
hypothesis: a review of the evidence for the existence of inhibitory as well as
stimulatory hypophysiotropic regulation of adrenocorticotropin secretion and
biosynthesis. Endocr Rev (1999) 20(4):460-500. doi: 10.1210/edrv.20.4.0376

56. Gear CW. Numerical initial value problems in ordinary differential
equations. Englewood Cliffs NJ: Prentice-Hall Inc (1971).

57. Markovi¢ VM, éupi(: 7, Ivanovi¢ A, Kolar-Ani¢ Lj. The stability of the
extended model of hypothalamic-pituitary-adrenal (HPA) axis examined by
stoichiometric network analysis. Russ J Phys Chem A (2011) 85(13):2327-35.
doi: 10.1134/S0036024411130115

58. Jeli¢ S, Cupi¢ Z, Kolar-Anié Lj. Mathematical modeling of the
hypothalamic-pituitary-adrenal system activity. Math Biosci (2005) 197(2):173—
87. doi: 10.1016/j.mbs.2005.06.006

59. Leng G, Onaka T, Caquineau C, Sabatier N, Tobin VA, Takayanagi Y.
Oxytocin and appetite. Prog Brain Res (2008) 170:137-51. doi: 10.1016/S0079-
6123(08)00413-5

60. Robertson GL. The regulation of vasopressin function in health and disease.
Recent Prog Horm Res (1976) 33:333-85. doi: 10.1016/b978-0-12-571133-3.50015-5

61. éupi(: 7, Markovi¢ VM, Macesic S, Stanojevi¢ A, Damjanovic S, Vukojevi¢
V, et al. Dynamic transitions in a model of the hypothalamic-pituitary-adrenal
axis. Chaos (2016) 26(3):033111-1-9. doi: 10.1063/1.4944040

62. Markovi¢ VM, Cupié Z, Vukojevi¢ V, Kolar-Ani¢ Lj. Predictive modeling of
the hypothalamic—pituitary-adrenal (HPA) axis response to acute and chronic
stress. Endocr J (2011) 58(10):889-904. doi: 10.1507/endocr;j.¢j11-0037

63. Ixart G, Barbanel G, Nouguier-Soulé J, Assenmacher I. A quantitative study
of the pulsatile parameters of CRH-41 secretion in unanesthetized free-moving
rats. Exp Brain Res (1991) 87(1):153-8. doi: 10.1007/BF00228516

64. Gallagher TF, Yoshida K, Roffwarg HD, Fukushima DK, Weitzman ED,
Hellman L. ACTH and cortisol secretory patterns in man. J Clin Endocrinol Metab
(1973) 36(6):1058-68. doi: 10.1210/jcem-36-6-1058

65. Horrocks PM, Jones AF, Ratcliffe WA, Holder G, White A, Holder R, et al.
Patterns of ACTH and cortisol pulsatility over twenty—four hours in normal males
and females. Clin Endocrinol (Oxf) (1990) 32(1):127-34. doi: 10.1111/j.1365—
2265.1990.tb03758.x

66. Whitnall MH. Regulation of the hypothalamic corticotropin-releasing
hormone neurosecretory system. Prog Neurobiol (1993) 40(5):573-629.
doi: 10.1016/0301-0082(93)90035-q

67. de Goeij DC, Kvetnansky R, Whitnall MH, Jezova D, Berkenbosch F, Tilders
FJ. Repeated stress-induced activation of corticotropin-releasing factor neurons
enhances vasopressin stores and colocalization with corticotropin-releasing factor
in the median eminence of rats. Neuroendocrinology (1991) 53(2):150-9.
doi: 10.1159/000125712

68. Jeli¢ S, Cupi¢ Z, Kolar-Ani¢ Lj, Vukojevi¢ V. Predictive modeling of the
hypothalamic-pituitary-adrenal (HPA) function. dynamic system theory
approach by stochiometric network analysis and quenching of small amplitude
oscillations. Int ] Nonolinear Sci Numer Simul (2009) 10(11-12):1451-72.
doi: 10.1515/ijnsns.2009.10.11-12.1451

frontiersin.org


https://doi.org/10.1111/j.1365&ndash;2826.1990.tb00386.x
https://doi.org/10.1111/j.1365&ndash;2826.1990.tb00386.x
https://doi.org/10.1016/s1043&ndash;2760(02)00670&ndash;7
https://doi.org/10.1159/000124107
https://doi.org/10.31887/DCNS.2006.8.4/ssmith
https://doi.org/10.1212/WNL.0b013e31828cfb15
https://doi.org/10.1080/10253890410001733535
https://doi.org/10.1677/joe.0.1540139
https://doi.org/10.1677/joe.0.1540139
https://doi.org/10.1016/s0021&ndash;9258(18)77278&ndash;5
https://doi.org/10.1016/s0021&ndash;9258(18)77278&ndash;5
https://doi.org/10.1152/ajpregu.1993.265.4.R840
https://doi.org/10.1038/299355a0
https://doi.org/10.1159/000125214
https://doi.org/10.1159/000455984
https://doi.org/10.1210/jc.2017&ndash;00115
https://doi.org/10.1210/endo&ndash;121&ndash;3&ndash;1133
https://doi.org/10.1210/endo&ndash;113&ndash;3&ndash;939
https://doi.org/10.1210/endo&ndash;122&ndash;4&ndash;1695
https://doi.org/10.1111/j.1365&ndash;2265.1985.tb02998.x
https://doi.org/10.1172/JCI113382
https://doi.org/10.1172/JCI113382
https://doi.org/10.1172/JCI111240
https://doi.org/10.1172/JCI111240
https://doi.org/10.1210/jcem&ndash;57&ndash;5&ndash;1087
https://doi.org/10.1210/jcem&ndash;57&ndash;5&ndash;1087
https://doi.org/10.1210/jcem&ndash;58&ndash;2&ndash;298
https://doi.org/10.1006/frne.1993.1004
https://doi.org/10.1006/frne.1993.1004
https://doi.org/10.1006/frne.1994.1013
https://doi.org/10.1210/endo.139.2.5857
https://doi.org/10.3389/fendo.2019.00422
https://doi.org/10.1073/pnas.051624198
https://doi.org/10.1111/j.1467&ndash;9892.2012.00795.x
https://doi.org/10.1093/imammb/dqu020
https://doi.org/10.1093/imammb/dqu020
https://doi.org/10.1210/edrv.20.4.0376
https://doi.org/10.1134/S0036024411130115
https://doi.org/10.1016/j.mbs.2005.06.006
https://doi.org/10.1016/S0079&ndash;6123(08)00413&ndash;5
https://doi.org/10.1016/S0079&ndash;6123(08)00413&ndash;5
https://doi.org/10.1016/b978&ndash;0&ndash;12&ndash;571133&ndash;3.50015&ndash;5
https://doi.org/10.1063/1.4944040
https://doi.org/10.1507/endocrj.ej11&ndash;0037
https://doi.org/10.1007/BF00228516
https://doi.org/10.1210/jcem&ndash;36&ndash;6&ndash;1058
https://doi.org/10.1111/j.1365&ndash;2265.1990.tb03758.x
https://doi.org/10.1111/j.1365&ndash;2265.1990.tb03758.x
https://doi.org/10.1016/0301&ndash;0082(93)90035&ndash;q
https://doi.org/10.1159/000125712
https://doi.org/10.1515/ijnsns.2009.10.11&ndash;12.1451
https://doi.org/10.3389/fendo.2022.976323
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Stojiljkovic et al.

69. éupié VA Stanojevi¢ A, Markovi¢ VM, Kolar-Ani¢ Lj, Terenius L, Vukojevi¢
V. The HPA axis and ethanol: a synthesis of mathematical modelling and
experimental observations. Addict Biol (2017) 22(6):1486-500. doi: 10.1111/
adb.12409

Frontiers in Endocrinology

16

10.3389/fendo.2022.976323

70. Hensen J, Hader O, Bihr V, Oelkers W. Effects of incremental
infusions of arginine vasopressin on adrenocorticotropin and cortisol
secretion in man. J Clin Endocrinol Metab (1988) 66(4):668-71. doi: 10.1210/
jcem-66-4-668

frontiersin.org


https://doi.org/10.1111/adb.12409
https://doi.org/10.1111/adb.12409
https://doi.org/10.1210/jcem&ndash;66&ndash;4&ndash;668
https://doi.org/10.1210/jcem&ndash;66&ndash;4&ndash;668
https://doi.org/10.3389/fendo.2022.976323
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Influence of arginine vasopressin on the ultradian dynamics of Hypothalamic-Pituitary-Adrenal axis
	Introduction
	Model description
	Methods
	Numerical method
	Bifurcation analysis

	Results
	Discussions
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


