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Main	
  message:	
  There	
  is	
  a	
  need	
  for	
  a	
  computer	
  
model	
  of	
  the	
  cortisol	
  cycle	
  to	
  understand	
  
stress	
  response	
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This	
  means	
  that	
  researchers	
  have	
  begun	
  to	
  apply	
  analytical	
  
strategies	
  to	
  study	
  cortisol	
  rhythmicity.	
  These	
  are	
  strategies	
  
that	
  have	
  helped	
  us	
  understand	
  other	
  complex	
  problems.	
  

• These	
  strategies	
  include	
  the	
  use	
  of	
  powerful	
  mathematical	
  
tools	
  and	
  related	
  concepts	
  that	
  JPL	
  and	
  NASA	
  apply	
  to	
  space	
  
flight,	
  astrophysics,	
  and	
  high-­‐level	
  engineering	
  problems.	
  

• Also,	
  nonlinear	
  systems	
  can	
  be	
  modeled	
  in	
  a	
  computer,	
  
allowing	
  us	
  to	
  study	
  how	
  they	
  work.

Cortisol	
  rhythmicity	
  displays	
  identifiable	
  
nonlinear	
  properties,	
  which	
  suggests	
  the	
  

operation	
  of	
  a	
  nonlinear	
  system
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• For	
  our	
  purposes	
  “nonlinear”	
  describes	
  the	
  cortisol	
  cycle’s	
  
rhythmic	
  pulse	
  (see	
  diagram),	
  where	
  the	
  rhythm’s	
  stability	
  is	
  
determined	
  by	
  regulatory influences.	
  

So,	
  what	
  is	
  nonlinear	
  about	
  the	
  
human	
  stress	
  response?
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Human	
  cortisol	
  rhythmicity	
  
stabilization	
  flow	
  diagram
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• For	
  our	
  purposes	
  “nonlinear”	
  describes	
  the	
  cortisol	
  cycle’s	
  
rhythmic	
  pulse	
  (see	
  diagram),	
  where	
  the	
  rhythm’s	
  stability	
  is	
  
determined	
  by	
  regulatory influences.	
  

• How	
  and	
  why	
  this	
  rhythm	
  remains	
  stable	
  or	
  becomes	
  
unstable	
  and	
  what	
  happens	
  as	
  a	
  result	
  has	
  up	
  to	
  this	
  point	
  
been	
  difficult	
  to	
  understand	
  because	
  it	
  involves	
  nonlinear	
  
behavior	
  acting	
  across	
  many	
  different	
  scales…	
  from	
  the	
  
cellular	
  molecular	
  level,	
  to	
  the	
  level	
  of	
  individuals’	
  behavior	
  
in	
  community,	
  or	
  even	
  including	
  national	
  and	
  geopolitical	
  
influences…	
  which	
  is	
  the	
  reason	
  why	
  we	
  need	
  these	
  more	
  
powerful	
  tools	
  

So,	
  what	
  is	
  nonlinear	
  about	
  the	
  
human	
  stress	
  response?
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• When	
  this	
  rhythm	
  is	
  unstable,	
  people	
  feel	
  anxious	
  and	
  take	
  
action	
  to	
  restore	
  stability.	
  

Effective	
  regulation	
  is	
  important	
  to	
  keep	
  
the	
  rhythm	
  stable	
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• When	
  this	
  rhythm	
  is	
  unstable,	
  people	
  feel	
  anxious	
  and	
  take	
  
action	
  to	
  restore	
  stability.	
  

• When	
  this	
  rhythm	
  is	
  very unstable,	
  these	
  actions	
  are	
  
referred	
  to	
  as	
  the	
  “fight	
  or	
  flight	
  response.”	
  

Effective	
  regulation	
  is	
  important	
  to	
  keep	
  
the	
  rhythm	
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• When	
  this	
  rhythm	
  is	
  unstable,	
  people	
  feel	
  anxious	
  and	
  take	
  
action	
  to	
  restore	
  stability.	
  

• When	
  this	
  rhythm	
  is	
  very unstable,	
  these	
  actions	
  are	
  
referred	
  to	
  as	
  the	
  “fight	
  or	
  flight	
  response.”	
  

• Traumatic	
  experiences	
  (especially	
  at	
  an	
  early	
  age)	
  can	
  
rewire	
  the	
  brain’s	
  ability	
  to	
  regulate	
  stress	
  so	
  that	
  a	
  return	
  
to	
  stability	
  becomes	
  very	
  difficult.	
  

Effective	
  regulation	
  is	
  important	
  to	
  keep	
  
the	
  rhythm	
  stable	
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  Study	
  – CDC-­‐Kaiser	
  – 17,000	
  patients	
  -­‐ http://www.cdc.gov/violenceprevention/acestudy/about.html

Connection	
  between	
  cortisol	
  rhythmicity	
  
and	
  health	
  care
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• When	
  this	
  rhythm	
  is	
  unstable,	
  people	
  feel	
  anxious	
  and	
  take	
  
action	
  to	
  restore	
  stability.	
  

• When	
  this	
  rhythm	
  is	
  very unstable,	
  these	
  actions	
  are	
  
referred	
  to	
  as	
  the	
  “fight	
  or	
  flight	
  response.”	
  

• Traumatic	
  experiences	
  (especially	
  at	
  an	
  early	
  age)	
  can	
  
rewire	
  the	
  brain’s	
  ability	
  to	
  regulate	
  stress	
  so	
  that	
  a	
  return	
  
to	
  stability	
  becomes	
  very	
  difficult.	
  

• This	
  makes	
  some	
  people	
  more	
  stress	
  reactive	
  than	
  others.

Effective	
  regulation	
  is	
  important	
  to	
  keep	
  
the	
  rhythm	
  stable	
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• Clinicians	
  refer	
  to	
  this	
  as	
  chronic	
  stress.	
  When	
  stress	
  response	
  is	
  
chronically	
  unstable,	
  then	
  people	
  have	
  higher	
  risk	
  for	
  disease	
  because	
  
instability	
  triggers	
  the	
  immune	
  system	
  to	
  produce	
  inflammatory	
  agents.	
  
These	
  contribute	
  to	
  heart	
  disease,	
  cancer,	
  and	
  other	
  chronic	
  diseases	
  
that	
  lead	
  to	
  early	
  death.	
  

Even	
  moderate	
  instability	
  in	
  cortisol’s	
  
rhythmic	
  pulse	
  can	
  cause	
  problems

14
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• Clinicians	
  refer	
  to	
  this	
  as	
  chronic	
  stress.	
  When	
  stress	
  response	
  is	
  
chronically	
  unstable,	
  then	
  people	
  have	
  higher	
  risk	
  for	
  disease	
  because	
  
instability	
  triggers	
  the	
  immune	
  system	
  to	
  produce	
  inflammatory	
  agents.	
  
These	
  contribute	
  to	
  heart	
  disease,	
  cancer,	
  and	
  other	
  chronic	
  diseases	
  
that	
  lead	
  to	
  early	
  death.	
  

• Instability	
  in	
  cortisol’s	
  rhythmic	
  pulse	
  is	
  known	
  to	
  trigger	
  impulsive	
  
behavior,	
  which	
  often	
  means	
  high	
  risk	
  behavior,	
  like	
  drugs,	
  violence,	
  
and	
  promiscuity,	
  which	
  can	
  feed	
  a	
  vicious	
  cycle	
  of	
  escalating	
  stress.	
  

Even	
  moderate	
  instability	
  in	
  cortisol’s	
  
rhythmic	
  pulse	
  can	
  cause	
  problems
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• When	
  people	
  have	
  felt	
  stressed	
  for	
  too	
  long,	
  they	
  may	
  become	
  depressed.	
  
This	
  is	
  another	
  kind	
  of	
  instability	
  where	
  the	
  brain	
  over	
  regulates	
  the	
  stress	
  
response,	
  reducing	
  the	
  level	
  of	
  cortisol	
  that	
  is	
  produced	
  by	
  the	
  rhythmic	
  
pulses.

Onset	
  of	
  depression

16
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• When	
  people	
  have	
  felt	
  stressed	
  for	
  too	
  long,	
  they	
  may	
  become	
  depressed.	
  
This	
  is	
  another	
  kind	
  of	
  instability	
  where	
  the	
  brain	
  over	
  regulates	
  the	
  stress	
  
response,	
  reducing	
  the	
  level	
  of	
  cortisol	
  that	
  is	
  produced	
  by	
  the	
  rhythmic	
  
pulses.

• Each	
  of	
  these	
  different	
  kinds	
  of	
  instability	
  in	
  the	
  cortisol	
  cycle’s	
  rhythmic	
  
pulse	
  is	
  physically	
  unhealthy	
  as	
  a	
  chronic	
  condition	
  and	
  can	
  also	
  lead	
  to	
  
social	
  behavior	
  that	
  is	
  counterproductive.	
  

Onset	
  of	
  depression,	
  from	
  individual
to	
  societal	
  response

17
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• Not	
  only	
  do	
  our	
  experiences	
  in	
  life	
  affect	
  our	
  stress	
  response,	
  but	
  the	
  
human	
  stress	
  response	
  affects	
  the	
  world	
  around	
  us.	
  The	
  relationship	
  is	
  
bi-­‐directional	
  and	
  reciprocal.	
  This	
  means	
  that	
  not	
  only	
  does	
  our	
  stress	
  
response	
  adapt	
  to	
  stress,	
  but	
  also	
  that,	
  for	
  humans,	
  the	
  experience	
  of	
  
stress	
  causes	
  us	
  to	
  adapt	
  the	
  world	
  in	
  reaction	
  to	
  our	
  stress	
  response,	
  
i.e.,	
  the	
  experience	
  of	
  stress	
  causes	
  us	
  to	
  make	
  our	
  world	
  less	
  stressful.	
  

Stress	
  causes	
  humans	
  to	
  change	
  
the	
  world

18
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• Not	
  only	
  do	
  our	
  experiences	
  in	
  life	
  affect	
  our	
  stress	
  response,	
  but	
  the	
  
human	
  stress	
  response	
  affects	
  the	
  world	
  around	
  us.	
  The	
  relationship	
  is	
  
bi-­‐directional	
  and	
  reciprocal.	
  This	
  means	
  that	
  not	
  only	
  does	
  our	
  stress	
  
response	
  adapt	
  to	
  stress,	
  but	
  also	
  that,	
  for	
  humans,	
  the	
  experience	
  of	
  
stress	
  causes	
  us	
  to	
  adapt	
  the	
  world	
  in	
  reaction	
  to	
  our	
  stress	
  response,	
  
i.e.,	
  the	
  experience	
  of	
  stress	
  causes	
  us	
  to	
  make	
  our	
  world	
  less	
  stressful.	
  
[Example]	
  This	
  is	
  very	
  important	
  to	
  appreciate!	
  

• It	
  means	
  that	
  the	
  nonlinear	
  properties	
  of	
  human	
  stress	
  response	
  are	
  
also	
  likely	
  to	
  be	
  mirrored	
  in	
  the	
  collective	
  behavior	
  of	
  humans.	
  If	
  so,	
  
then	
  the	
  powerful	
  tools	
  that	
  we	
  can	
  use	
  to	
  study	
  cortisol	
  rhythmicity	
  
can	
  also	
  be	
  used	
  to	
  understand	
  the	
  dynamics	
  of	
  cooperative	
  human	
  
behavior.	
  

Stress	
  causes	
  humans	
  to	
  change	
  
the	
  world

19
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• This	
  means	
  that	
  we	
  should	
  be	
  able	
  to	
  identify	
  the	
  regulatory	
  influences	
  
that	
  are	
  operating	
  on	
  the	
  scale	
  of	
  cooperative	
  behavior	
  because	
  just	
  as	
  
regulatory	
  influences	
  stabilize	
  cortisol	
  rhythmicity,	
  similarly,	
  there	
  must	
  be	
  
regulating	
  influences	
  that	
  stabilize	
  cooperative	
  behavior.	
  This	
  implication	
  
follows	
  naturally	
  once	
  we	
  determine	
  that	
  human	
  behavior	
  is	
  a	
  significant	
  
part	
  of	
  the	
  nonlinear	
  dynamics	
  that	
  regulates	
  cortisol	
  rhythmicity.	
  

• This	
  is	
  what	
  we	
  will	
  use	
  computer	
  modeling	
  to	
  study.	
  

There	
  must	
  be	
  regulating	
  influences	
  
that	
  stabilize	
  cooperative	
  behavior

20
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this is attributed to the strong negative feedback inhibition. All these
observations from negative feedback loop tests resulted in ruling out
the adrenal insufficiency hypothesis.

The motivation for the present work, therefore, is to address the
hypothesis proposed by Yehuda [15], since the cosinor [17]
models do not have the provision to show that the differing
dynamics in normal, depressed and PTSD subjects were due to the
varying strengths of the negative feedback loop in the HPA axis.
To show the role of the negative feedback loop requires a
mechanistic model with bio-chemical kinetics, motivating the
development of an endocrine model of the HPA axis. Further,
mechanism based models provide insight into the role of feedback
loops and the functioning of networks on the whole [21].
Specifically, the options of drug targeting and its efficacy in the
treatment of these disorders can be explored, since it is known that
negative feedback loops play a vital role in dampening the effects
of drugs [22,23]. Therefore, we constructed a nonlinear ordinary
differential equations (ODE) model of the HPA axis to capture the
24 h cortisol dynamics of normal, depressed and PTSD subjects,
and used the same data fitted by Yehuda et al. [17] to estimate the
kinetic parameters of the ODE model through global optimiza-
tion. To verify the hypothesis, two tunable kinetic parameters,
namely, the strength of stress and the inhibition constant that
determines the strength of the negative feedback loop were used in
the model. Model construction, parameter estimation, bifurcation
analysis, verification of the effect of negative feedback loops on
pathology, simulation of phenotypes, summary and conclusion are
elaborately explained in the following sections.

Materials and Methods

Assumptions, mathematical model and simulation tools
In developing the mathematical model of the cortisol molecular

network depicted in Figure 1, two assumptions were made: (i) the
first order dilution rate due to the transport of hormones and
autonomous degradation are considered together. Apart from
dilution/autonomous degradation, Michaelis-Menten kinetics are

separately considered for the degradation of the hormones and
hormone complexes within each specific region of the brain
(hypothalamus, pituitary and adrenal); and (ii) a sufficient number
of molecules is present for the reactions to take place using
continuum kinetics so that stochastic fluctuations (internal noise)
are eliminated. The nonlinear ODE equations for the cortisol
network are framed as follows:

d½CRH"
dt

~kstress
Kn2

i

Kn2
i z½GR"n2

{VS3
½CRH"

Km1z½CRH"

{Kd1½CRH"
ð1Þ

d½ACTH"
dt

~KP2½CRH" Kn2
i

Kn2
i z½GR"n2

{VS4
½ACTH"

Km2z½ACTH"

{Kd2½ACTH"
ð2Þ

d½CORT "
dt

~KP3½ACTH"{VS5
½CORT "

Km3z½CORT "

{Kd3½CORT "
ð3Þ

d½GR"
dt

~Kb½CORT "(½Gtot"{½GR")zVS2
½GR"n1

K1n1z½GR"n1

{Kd5½GR"

ð4Þ

Gtot~GzGR ð5Þ

CRH, ACTH, CORT, GR, and Gtot are the corticotrophin-
releasing hormone, adreno-corticotrophin hormone, cortisol, glu-
cocorticoid receptor complex, and total glucocorticoid receptor,
respectively. kstress is the bifurcation parameter that drives the

Figure 2. Time series and power spectrum of PTSD subjects. (A) The time series of three individual subjects, (B) concatenated time series of
the three individual time series, and (C) amplitude spectrum of the time series. The height of dominant peak in the spectrum is denoted by h, and
dv0 is the difference in the frequency of the time series corresponding to the full width at half maximum (FWHM, given as exp(21/2)* h), hb is the
background noise. The fundamental frequency v0 of the concatenated time series is 0.0417 Hz and this corresponds to the frequency where
maximum peak ‘‘h’’ occur in the spectrum.
doi:10.1371/journal.pcbi.1002379.g002
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The	
  nonlinear	
  ODE	
  equations	
  for	
  the	
  cortisol	
  
cycle	
  in	
  the	
  HPA-­‐axis	
  

(hypothalamo-­‐pituitary-­‐adrenal)
CRH,	
  ACTH,	
  CORT,	
  GR,	
  and	
  Gtot are	
  the	
  
corticotrophin-­‐releasing	
  hormone,	
  adreno-­‐
corticotrophin	
  hormone,	
  cortisol,	
  
glucocorticoid	
  receptor	
  complex,	
  and	
  total	
  
glucocorticoid	
  receptor,	
  respectively.	
  kstress
is	
  the	
  bifurcation	
  parameter	
  that	
  drives	
  the	
  
system	
  by	
  initiating	
  the	
  CRH	
  production,	
  Ki	
  is	
  
the	
  inhibition	
  constant	
  that	
  regulates	
  the	
  
strength	
  of	
  the	
  negative	
  feedback	
  loop,	
  
VS3,S4,S5 are	
  the	
  rates	
  at	
  which	
  the	
  hormones	
  
CRH,	
  ACTH,	
  and	
  CORT	
  are	
  degraded	
  
enzymatically	
  through	
  saturation	
  kinetics,	
  
Km1,m2,m3 are	
  the	
  Michaelis constants,	
  
Kd1,d2,d3,d5 are	
  the	
  autonomous	
  
degradation	
  constants,	
  KP2,P3,b are	
  the	
  rates	
  
of	
  production	
  of	
  ACTH,	
  CORT,	
  and	
  GR	
  
respectively,	
  n1,	
  n2	
  are	
  the	
  Hill	
  constants,	
  
and	
  K1	
  is	
  the	
  activation	
  constant.

Sriram,	
  K.	
  et	
  al:	
  Modeling	
  cortisol	
  dynamics	
  in	
  the	
  neuro-­‐endocrine	
  axis	
  distinguishes	
  normal,	
  depression,	
  and	
  post-­‐traumatic	
  stress	
  disorder	
  (PTSD)	
  in	
  
humans,	
  PLoS Computational	
  Biology,	
  Feb.	
  2012,	
  vol.	
  8,	
  issue	
  2 21
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Conclusions

• Cortisol	
  rhythmicity	
  displays	
  identifiable	
  nonlinear	
  properties,	
  
which	
  suggests	
  the	
  operation	
  of	
  a	
  nonlinear	
  system

• Effective	
  regulation	
  is	
  important	
  to	
  keep	
  the	
  rhythm	
  stable	
  

• Multiscale	
  modeling	
  and	
  simulation	
  of	
  cortisol	
  rhythmicity	
  can	
  
be	
  accomplished	
  by	
  nonlinear	
  dynamical	
  system	
  techniques

• It	
  is	
  important	
  to	
  develop	
  a	
  better	
  understanding	
  of	
  how	
  all	
  of	
  
the	
  above	
  works	
  because	
  a	
  lot	
  of	
  cost	
  to	
  healthcare	
  and	
  
society	
  is	
  riding	
  on	
  our	
  ability	
  to	
  develop	
  solutions.	
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