
Acute stress responsiveness

Conclusions

The presence or absence of ultradian rhythms in glucocorticoids may have
important pharmacodynamic effects in homeostasis.

There is a predicted positive relationship between the amplitude of ultradian
rhythms in homeostasis and the subsequent peak responsiveness to stress.

These simulations support the notion that it is important to consider the
impact of ultradian rhythms when studying the HPA axis and
glucocorticoids. For instance, glucocorticoids are often given clinically
without considering ultradian pulsatility.

Future work: Glucocorticoids play a critical role in regulating the
inflammatory response, and inflammation regulates glucocorticoid
production in the HPA axis and pharmacodynamic function in peripheral
tissues. We are currently exploring how the results described here impact
and are impacted by inflammation. More broadly, we are investigating how
variability at other scales (heart rate variability, circadian rhythms), in
concert with ultradian variability, relate to the state of the host.
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An acute stress response is generated by
applying a step function to the
parameter representing ACTH
production (p1). This produces a peak
response in glucocorticoids that varies
as a function of ultradian phase, as
has been seen experimentally in rats.

To assess the relationship between
ultradian amplitude and stress
responsiveness, 1,000,000 random
parametrizations of the HPA axis model
were simulated in response to acute
stress. Parameters which produced
homeostatic mean mRNA values near
baseline (default parameters) are
plotted on the right.

Ultradian rhythms permit the system to
maintain appropriate levels of
glucocorticoid responsive mRNA while
retaining the ability to provoke a robust
stress response.
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Ultradian rhythms in glucocorticoid secretion

Ultradian rhythms in glucocorticoid secretion have been observed in humans
and other animals. In homeostasis, bursts of cortisol are secreted from the
hypothalamic-pituitary-adrenal (HPA) axis roughly hourly.

Hypotheses: (1) The presence and absence of ultradian rhythms leads to
different pharmacodynamic effects. (2) Glucocorticoid pulsatility is
important in maintaining low homeostatic effects of glucocorticoids and
high peak responses to stress.

Modeling glucocorticoid secretion and action

Our goal is to combine a model of the HPA axis (Walker et al., Proc Biol Sci,
2010) with a model of glucocorticoid pharmacodynamics (Yao et al.,
Pharm Res, 2006) to study how the properties of glucocorticoid secretion
by the HPA axis affect the transcriptional activity of glucocorticoid-
responsive genes.

HPA axis: Adrenocorticotropic hormone (ACTH, a) is released from the
pituitary gland. It travels through the blood to the adrenal gland, where it
stimulates the release of glucocorticoids (o). Then, glucocorticoids create a
negative feedback loop by binding to the glucocorticoid receptor (GR, r) in
the adrenal gland and inhibiting ACTH production.

Glucocorticoid pharmacodynamics: Glucocorticoids in the plasma (Dp)
freely move across cell membranes into the cytoplasm (Dc), where they
bind to GR and for an activated glucocorticoid-receptor complex (DR). This
complex moves into the nucleus (DR1) where it acts as a transcription
factor to regulate glucocorticoid-responsive genes.

Modeling transcriptional responses to
ultradian glucocorticoid rhythms
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Pulsatile vs constant glucocorticoid exposure

Two cases are displayed below: One showing the integrated pulsatile
model, and the other replacing the HPA axis with a constant level of
glucocorticoids with the same total area under the curve (AUC).

The pharmacodynamic effect of the constant glucocorticoid case is larger
than in the pulsatile case. This happens because of the nonlinear binding
between glucocorticoids and their receptor. As glucocorticoid levels shoot
up, the receptor becomes saturated.

Modulated glucocorticoid patterns

Altering the parameter values of the HPA axis model produces changes in the
characteristics of the ultradian rhythms. Below, the amplitude of ultradian
rhythms is lost as the parameter representing the strength of feedback
from glucocorticoids to ACTH (p2) is decreased. At 75% of its original
value, ultradian rhythms are nearly gone. Moving the parameter in the
opposite direction increases the amplitude.

The fact that changing parameter values produces changes in rhythmicity
raises the possibility that we can infer something about the underlying
state of the system based on its homeostatic dynamics.

This is important because changes in pulsatile characteristics have been
observed experimentally; for instance, adjuvant-induced arthritis in rats
results in increased frequency of corticosterone rhythms (Windle et al., J
Neuroendocrinol, 2001).

Furthermore, altered glucocorticoid homeostatic levels (either increased or
decreased) and altered HPA axis responsiveness to acute stress (again,
either increased or decreased) have been observed in chronic stress.

Are homeostatic ultradian dynamics predictive of HPA function in
the acute stress response?


