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ABSTRACT 

An upgraded model of the Hypothalamic-Pituitary-Adrenal (HPA) axis has been developed that 

advances our previously proposed low-dimensional HPA model by including the effects of arginine 

vasopressin (AVP) that is a key modulator of HPA axis function. The upgraded model allows us to 

emulate AVP effects on HPA axis dynamics individually and in synergy with the corticotropin-

releasing hormone (CRH). In this work, we examine how coupling of the circadian function through 

summarised reaction steps describing CRH and AVP biosynthesis in the same neuronal cell group of 

the hypothalamic paraventricular nucleus (PVN) affects HPA axis dynamics. Results of numerical 

simulations show that coupling of the circadian function through both, CRH and AVP summarised 

biosynthesis reaction steps simultaneously, emulates best the HPA axis dynamics, in line with 

literature findings.  

 

INTRODUCTION 

The hypothalamic-pituitary-adrenal (HPA) axis represents a complex neuroendocrine system that 

couples the functions of hypothalamus, pituitary and adrenal glands to preserve the organism’s 

homeostasis under physiologically normal and various stressful conditions. For that purpose, a proper 

oscillatory dynamics of HPA axis comprising hormones, with ultradian oscillations (period of 20 

minutes to 2 hours) superimposed on circadian oscillations (period of about 24 hours), is an essential 

precondition [1].  

The aim of this study is to examine the coupling conditions between ultradian and circadian 

rhythms of the hormones of the upgraded HPA axis model with incorporated arginine vasopressin 

(AVP), using modelling of reaction mechanism and numerical simulations. For that purpose, a low-

dimensional model with five dynamic variables is employed as the initial model [2]. The upgraded 

low-dimensional model is now consisted of six dynamic variables: the corticotropin-releasing 

hormone (CRH), arginine vasopressin (AVP), adrenocorticotropic hormone (ACTH), cortisol 

(CORT), aldosterone (ALDO) and cholesterol (CHOL), as the only precursor of all steroid hormones. 

 

MODEL AND METHODS 

The pre-existing low-dimensional HPA model [2] has been extended to describe arginine vasopressin 

(AVP) effects on adrenocorticotropic hormone (ACTH) release (Table 1).  
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All reaction steps presented in Table 1 describe end-results of a series of complex biochemical 

processes. In more detail, series of processes of the biosynthesis of AVP in the parvicellular part of 

the hypothalamic paraventricular nucleus (PVN), and in the magnocellular neurosecretory system of 

the hypothalamus, resulting in corresponding inflows of AVP into the pituitary portal system are 

described by reaction steps (R1) and (R2), respectively. Reaction step (R3) describes summarised 

series of complex biochemical processes resulting in ACTH secretion stimulated by AVP originating 

from both of these neuronal populations. Series of complex biochemical reactions leading to ACTH 

production and release due to a strong synergistic effect of CRH and AVP on ACTH secretion by the 

pituitary gland, are summarised by reaction step (R4) [3]. Reaction step (R5) describes summarised 

series of complex biochemical processes leading to the elimination of AVP. 

Numerical simulations were conducted using the Matlab software package and the ode15s solver 

routine based on the Gear algorithm for integration of stiff differential equations. In all simulations, 

the absolute and relative tolerance errors were 3·10-20 and 1·10-14, respectively. The initial 

concentrations, expressed in mol dm−3 and designated as M, were: [CHOL]0 = 3,4·10-4 M, [CRH]0 = 

1·10-12 M, [AVP]0 = 1·10-12 M, [ACTH]0 = 8·10-8 M, [CORT]0 = 4·10-8 M and [ALDO]0 = 1,5·10-9 

M. If not otherwise stated, the rate constants were: k1 = 1,83 · 10−8 mol dm−3 min−1, k2 = 1,537 · 10−9 

mol dm−3 min−1, k3 = 7,79 · 10-3 min−1, k4 = 1,098 · 109 mol−1 dm3 min−1 and k5 = 1,386 · 10−1 min−1. 

The circadian rhythm function D=d1 − 0,079145093 · d2 + {0,064 · sin(2πt/1440) + 0,12 · 

abs[sin(πt/1440)]} · d2 is used to couple to the upgraded model through the reaction steps describing 

biosynthesis of CRH and AVP in the same neuron cell groups of the hypothalamic PVN.  

 

RESULTS 

Couplings of the circadian function D to the upgraded HPA model through reaction steps related to 

the inflows of CRH and AVP into the system from the same neuron cell group and sharing the same 

rate constant = 1,830 · 10−8 mol dm−3 min−1, have been examined in silico for inflow reaction steps 

both individually and simultaneously (Figure 1.). These results were further compared with those 

obtained from the initial HPA model, where CRH is the only species that influence ACTH secretion. 

The same value for rate constant is used. Namely, when function D is coupled to the upgraded model 

through CRH and AVP inflow reaction steps simultaneously (Figure 1, case (3)), results show 

decrease of the amplitude of [CORT] ultradian oscillations compared to those obtained by the 

coupling of function D through CRH inflow reaction step solely (Figure 1, case (1)). On the other 

hand, function D coupling through solely AVP inflow reaction step (R1), produces very low 

amplitude of ultradian oscillations (AUD), that are uniformly superimposed on circadian [CORT] 

oscillations of also low circadian amplitudes (ACD) (Figure 1, case (2)). By comparing the results 

obtained by coupling the function D through CRH inflow to the initial minimal HPA model that does 

not include AVP (Fig. 1, (0)) and the upgraded model with AVP using the same rate constant value 

for CRH inflow (Fig. 1, (1)), it can be noticed that cortisol AUD is higher in the upgraded HPA model, 

Table 1. Summarised reaction steps associated with arginine vasopressin (AVP) that 

are incorporated in the upgraded low-dimensional model of the HPA axis 

1k
AVP⎯⎯→  (R1) 

2k
AVP⎯⎯→  (R2) 

3k
AVP ACTH  ⎯⎯→  (R3) 

4k
CRH + AVP ACTH⎯⎯→  (R4) 

5k
3AVP P⎯⎯→  (R5) 
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which is in better agreement with experimentally measured values reported in the literature. Taken 

together, AUD increases between the examined cases in the following manner: A(2)
UD < A(0)

UD < A(3)
UD 

< A (1)
UD. There are numerous studies on humans indicating several-fold increased [CORT] due to 

CRH and AVP acting synergistically on corticotrope cells that could fall into the domain of AUD [4-

6].  

 

 

 Circadian function D coupling through the CRH inflow reaction step only will result in [AVP] 

minimum appearing around 8 o’clock in the morning (8 h) and [AVP] maximum around midnight 

(24 h). This is in contrast with [AVP] extreme values appearance when the function D is coupled 

through CRH and AVP inflow reaction steps simultaneously (data not shown). Since [AVP] reaches 

 

 

Figure 1. Temporal evolution of cortisol 

concentration ([CORT]) emulated using the 

minimal or the upgraded model of HPA axis 

dynamics with the circadian function being 

coupled through CRH and/or AVP inflow. 

Daily changes in blood cortisol concentration 

emulated using: (0) the minimal HPA axis 

model without AVP, when the rate constant 

of CRH inflow is 1,830 · 10−8 M; (1) the 

upgraded HPA axis model with AVP, when 

the rate constant of CRH inflow is 1,830 · 

10−8 M and AVP inflow is disregarded; (2) 

the upgraded HPA axis model with AVP, 

when the rate constant of AVP inflow is 

1,830 · 10−8 M and CRH inflow is 

disregarded; (3) the upgraded HPA axis 

model with AVP, when the rate constant of 

CRH and AVP inflow are both 1,830 · 10−8 

M. 

Of note, when function D is coupled to the 

model simultaneously through these inflow 

reaction steps (3) or only through CRH 

inflow reaction step, (1) parameters of the 

circadian function D were: d1 = 0,840978 and 

d2 = 0,957. On the other hand, when function 

D is coupled through AVP inflow reaction 

step (R1) solely (2), corresponding 

parameters were: d1 = 1,1331072 and d2 = 

0,957. In the initial HPA model, (0) with 

CRH as the only species that influence 

ACTH secretion, d1 = 0,88524 and d2 = 

0,957 were parameters of function D 

coupling only through CRH inflow reaction 

step. Time is given in hours (h) and cortisol 

concentration in mol dm-3. 

 

 

 

(1) 

(2) 

(3) 

(0) 
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its minimum in the early evening, around 18-20 o’clock, and a maximum around 2-6 o’clock in the 

morning [7], the best agreement with experimental results could be achieved when the daily function 

D is coupled to the model through both, CRH and AVP inflows simultaneously. Additionally, it has 

been pinpointed in the literature that both parvocellular CRH and AVP participate in the generation 

of a circadian ACTH and CORT rhythm [8]. In line with these experimental findings, results obtained 

using the upgraded model favour coupling of the circadian function through CRH and AVP inflow 

reaction steps simultaneously. 

 

CONCLUSION 

The pre-existing low-dimensional mathematical model of HPA axis dynamics is extended to include 

AVP. This enhances the comprehensiveness and physiological plausibility of the model, while 

preserving its tractability to mathematical analysis and simulation. A step forward is made by finding 

the appropriate conditions for coupling between ultradian and circadian rhythms of the HPA axis 

hormones. However, the proposed model still needs further improvements and refinements for 

examination of AVP and CRH effects and synergistic influence on the HPA axis dynamics. 
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