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Abstract

Objective—To test 3 theories of hypercortisolemia in depression — hypothalamic overdrive,
impaired glucocorticoid feedback, or autonomous cortisol production.

Methods—We applied an overnight low cortisol feedback strategy by administering metyrapone
to hypercortisolemic depressed inpatients and control subjects.

Results—Under metyrapone, the increases of plasma ACTH concentrations and of basal and
pulsatile ACTH secretion were not exaggerated in hypercortisolemic depressed patients compared
with control subjects. ACTH approximate entropy (ApEn) did not differ at baseline or under
metyrapone. Thus, neither hypothalamic overdrive nor irregular ACTH secretion was seen. We
did not detect impaired cortisol feedback: the ACTH response was not reduced, and ApEn
measures that are sensitive to feedback changes were comparable in both groups. Metyrapone
disrupted cortisol secretory regularity in depressed and control subjects. On the baseline day, basal
cortisol secretion was significantly increased and was highly irregular (high ApEn), and ACTH-
cortisol cross-ApEn was markedly elevated in high-cortisol patients.

Conclusions—Classical feed forward overdrive and impaired feedback theories of
hypercortisolemia in depression were not supported. Depressive hypercortisolemia may result
from alternative pathophysiological mechanisms involving irregular basal hypersecretion of
cortisol, associated with adrenal enlargement, possibly through splanchnic sympathetic activation
of the adrenal cortex.
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Introduction

The mechanisms of hypothalamo-pituitary-adrenal (HPA) axis activation in depression
remain unsettled. Three leading general theories are forward drive from an activated limbic-
hypothalamic system (1-5); defective negative glucocorticoid feedback (6-8); and
augmented basal secretion of cortisol (9—11) associated with reversible enlargement of the
adrenal gland (12). Increased HPA activity is seen most often in those depressed patients
marked by melancholic or psychotic or mixed bipolar features (13,14). Many studies of
HPA axis function in DSM-III-IV-defined major depression are limited by clinical and
consequent neuroendocrine heterogeneity.

The present study was designed to evaluate these 3 general theories in depressed patients
who were classified by hypercortisolemic status. We first acquired baseline measures, then
we challenged the HPA axis with low glucocorticoid feedback, which is the opposite of the
strategy involved in the dexamethasone suppression test or DST (15). For this purpose
metyrapone, which inhibits cortisol synthesis in the adrenal cortex, was administered by
multiple dosing during the time period predicted from classical studies to be most likely to
demonstrate inappropriate hypersecretion of cortisol, viz., the period from midnight to the
circadian acrophase (16). With intensive 10-minute sampling at 2 levels of the HPA axis
(ACTH and cortisol), and with the use of advanced statistical procedures (deconvolution and
approximate entropy (ApEn and cross-ApEn) analyses) (11,17), we could evaluate the 3
general theories simultaneously. The principles and key terms in deconvolution and
approximate entropy analyses are given in the Appendix.

The primary hypothesis was that the magnitude and the regularity (ApEn) of ACTH
secretion under low glucocorticoid feedback will differ between hypercortisolemic
depressed and control subjects. If the baseline hypercortisolemia reflects excessive central
drive of hypothalamic secretagogues on pituitary corticotrope cells in depression, then the
magnitude of increase in ACTH secretion under low feedback will be greater than in control
subjects. ApEn analysis will identify any potential dysregulation of ACTH secretory
patterns that could indicate underlying dysfunction of limbic-hypothalamic circuits in
hypercortisolemic depression, which has been suggested from post mortem studies of the
hypothalamic paraventricular nucleus (18,19).

On the other hand, if baseline hypercortisolemia reflects impaired glucocorticoid feedback,
then the prediction is that the magnitude of increase in ACTH secretion under low feedback
will be less than in control subjects. The analyses of reverse cortisol — ACTH cross-ApEn
will be informative for the defective feedback theory, as will the changes in ACTH ApEn
and in reverse cortisol — ACTH cross-ApEn between the normal feedback day and the low
feedback day. Finally, the deconvolution and ApEn analyses of cortisol secretory patterns
will allow the identification of any possible independent adrenocortical disturbance, such as
increased basal, non-pulsatile cortisol secretion that is not linked to ACTH secretion (9,17).

In an initial report, we compared ACTH and cortisol secretory dynamics in depressed and
healthy subjects under baseline conditions (unmodified feedback) over 24 hours (11). The
major findings were elevated basal and pulsatile ACTH secretion, increased total cortisol
secretion, and increased cortisol secretory-burst mass in high-cortisol depressed patients.
Direct estimation of basal cortisol secretion was not possible with this early-generation
deconvolution method (17). We also reported that the entropic regularity of ACTH secretion
was undisturbed in hypercortisolemic depressed patients, whereas cortisol secretion was
increased in a highly irregular fashion (high ApEn), accompanied by high ACTH — cortisol
cross-ApEn (impaired feed-forward coupling). The present investigation extends that report
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into a second day of sampling, wherein low glucocorticoid feedback was induced by
metyrapone administration.

Aims of the Study

Methods
Subjects

To simultaneously test the 3 major theories of hypercortisolemia in depression — limbic-
hypothalamic-pituitary overdrive, impaired cortisol feedback, and autonomous cortisol
secretion. The magnitude and dynamics of the ACTH and cortisol responses to low feedback
induced by metyrapone will be informative for all 3 theories.

A complete description of the baseline study involving 17 control and 12 depressed patients
was given in (11). The screening, evaluation, and inclusion/exclusion procedures have been
fully described (11). The protocols were approved by the Institutional Review Board of
Duke University Medical Center, and subjects provided written, informed consent. Fourteen
control subjects and 12 depressed patients commenced the metyrapone study. Eleven control
subjects (5 males) and all 12 depressed patients (7 males) completed the metyrapone
protocol from 0000h through 1000h. The hypercortisolemic depressed cohort (N=7; 4
males) was defined operationally by a 24-h mean plasma cortisol concentration exceeding
the normal (N = 17) mean value plus one SD, viz,, > 8.0 pg/dL. Actual 24-h mean cortisol
values ranged from 8.8—11 pg/dL in hypercortisolemic and from 3.4-5.1 pg/dL in non-
hypercortisolemic patients (N=5; 3 males). Patients had stopped all psychotropic
medications for 5 days or more. None had been exposed to long-acting antidepressant agents
(e.g. fluoxetine) within 6 months. All depressed patients met Research Diagnostic Criteria
(RDC) for major depressive episode (20). Of the 7 hypercortisolemic patients, 6 met RDC
and DSM-1V criteria for psychotic features. All 7 presented with RDC-defined endogenous
and incapacitating depression (11). Of the 5 low-cortisol depressed patients, none was
psychotic, 2 displayed DSM-IV atypical features, and only 1 met the RDC definition of
incapacitated depression. All 3 cohorts had similar body-mass indices (grand mean + SD 26
+ 4.5 kg/m2). Low-cortisol patients were younger (29 + 7.7 yr) than high-cortisol patients
(46 % 8.2 yr) and control subjects (46 £ 8.7 yr). The mean scores of both patient groups on
the Carroll Depression Scale (CDS) (21) were in the severe range at 29 and 31, respectively
(11). The CDS (22) is a validated, self-rated version of the 17-item Hamilton Depression
Scale (23).

Inpatient studies

Depressed inpatients were studied between 4 and 11 days after hospitalization. All patients
were hospitalized for clinical need. Subjects were transferred from psychiatric inpatient
status to the Duke University Clinical Research Unit for a 2-day study, with blood sampling
every 10 min from 0000h through 2400h on each day. On the baseline day (Day 1), 24-h
ACTH and cortisol data (0000h through 2400h) have been reported for 17 controls and 12
depressed patients (11). Immediately following Day 1, the Day 2 metyrapone protocol
commenced, with metyrapone 1 g administered every 2 hours orally beginning at 0000h,
whereas on Day 1 placebo was given orally every 2 hours. Beyond 1000h on Day 2 there
were frequent significant side effects of metyrapone (nausea and vomiting). To limit
confounding from these side effects, Day 2 data were analyzed only during the period 0000h
through 1000h. Four controls and one depressed patient had mild and transient
gastrointestinal side effects before 1000h. For analyses of change, the identical segments of
each patient’s Day 1 data (0000h to 1000h) were extracted. None of the 10-h placebo or
metyrapone segments has been analyzed previously.
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Plasma ACTH and cortisol were measured as described previously (11). Median within-
assay coefficients of variation were 8% and 5%, and sensitivities 5 ng/L and 1.4 pg/dL,
respectively. Cross reactivity of the cortisol assay with 11-desoxycortisol was 6.3%. Based
on expected plasma 11-desoxycortisol concentrations of 15-20 pg/dL at the circadian peak
under repeated dosing with metyrapone (24), our reported Day 2 plasma cortisol
concentrations could thus be overstated by up to 1.25 pg/dL.

Analyses of secretory dynamics

Matching ten-hour ACTH and cortisol time series on both Day 1 baseline and Day 2 low
feedback were subjected to deconvolution and approximate entropy analyses. The
deconvolution method is described in (17), except that only a single secretory-burst
waveform was allowed. Technical aspects of deconvolution and ApEn analyses are given in
the Appendix.

Statistical analysis

Because each subject had matching 10-h placebo and metyrapone sessions, ANCOVA was
used to adjust for intraindividual correlations between Day 1 and Day 2 data. The covariate
was the subject’s parameter value on Day 1. The model structure comprised hierarchical
mixed-effect two-way ANCOVA with 2 treatment levels (placebo/metyrapone) and 3
specification parameters (diagnostic subject groups: healthy control, nonhypercortisolemic
and hypercortisolemic depressed) (25). Natural logarithmic transformation was utilized to
limit heterogeneity of variance. The equal-slopes assumption of the ANCOVA structure was
verified by a generalized F-ratio test, followed by restricted maximum-likelihood estimation
of parameters. Rejection of pre-specified hypotheses was based on a multiple-comparison
experiment-wise Type 1 error rate of < 0.05 using Tukey’s honestly significantly different
(HSD) post hoc test (25). Group comparisons of hypercortisolemic patients with control
subjects employed an unpaired two-tailed Student’s t-test and for robustness the rank-sum
(Kruskal-Wallis) test.

Statistical power

Results

The primary analyses involve comparisons of hypercortisolemic depressed patients with
control subjects. For these, power estimates were made to detect hypothesized differences at
P < 0.05. Statistical power was > 80 — 99% to detect a 30% difference in pulsatile ACTH
secretion and a 15% difference in ApEn or cross-ApEn assuming evaluation of a total of 18
subjects (normal plus high-cortisol depressed) over 10 hours via an unpaired Student’s two-
tailed t-test using the pooled variance: (data available on request). Secondary comparisons
between non- and hypercortisolemic patients or between control subjects and non-
hypercortisolemic patients were not powered. Any comparisons involving these contrasts are
shown for trend signaling only.

Consistent with the group definitions, mean baseline 10h plasma cortisol values differed
significantly by group (P<0.001 by 1-way ANOVA). The group means of the baseline 10h
mean plasma cortisol values were 7.63 (SD 1.80) ug/dL in controls, 11.39 (SD 1.35) ug/dL.
in high cortisol depressed patients, and 4.41 (SD 1.87 ug/dL in low cortisol depressed
patients. All post hoc pairwise comparisons were highly significant (P<0.002).

Metyrapone reduced mean 10-h plasma cortisol concentrations by 4.7 pg/dL (66%) in
control subjects, by 7.3 pg/dL (66%) in high-cortisol depressed patients, and by 2.2 pg/dL
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(54%) in low-cortisol depressed patients: Table 1. Absolute ranges of mean 10-h overnight
plasma cortisol concentrations (ug/dL) were 1.5-5.5 (control) and 2.4—4.6 (high-cortisol
depressed). Mean peak plasma cortisol concentrations likewise were reduced by 71%, 68%
and 62%, respectively. Peak plasma cortisol levels on Day 2 occurred near the end of the 10-
h period, ranging up to 8.9 ug/dL in control subjects, and up to 8.6 ug/dL in
hypercortisolemic depressed patients (Table 1). These breakthrough plasma cortisol levels
match what we have previously reported in control subjects (26) and they agree with those
reported by Ur et al 1992 (5) at 0900 h after repeated overnight dosing of metyrapone; they
reflect the intense stimulation of the adrenal gland by very high circulating ACTH levels at
that time (Table 1 and Figure 1).

Beginning early in the sampling period, plasma ACTH concentrations on Day 2 increased
markedly over Day 1 values in all groups (Table 1). A detailed view of the early increase of
plasma ACTH that commenced between 0200h and 0400h, following the second dose of
metyrapone, is given in Figure 2. There were no significant differences among groups in
mean 10-h or peak plasma ACTH concentrations (Table 1). There was no difference
between groups in the change of mean ACTH or in change of peak ACTH concentrations
from Day 1 to Day 2. In particular, there was no trend for the high-cortisol depressives to
display either exaggerated or reduced mean ACTH-concentration increases in comparison
with control subjects under low-cortisol feedback with metyrapone. There was no significant
correlation between mean 10-h plasma ACTH levels on Day 1 and mean 10-h plasma
ACTH levels on Day 2, either in control subjects (r = —0.20; p = 0.54) or in high-cortisol
depressed patients (r = 0.44; p = 0.32).

The rise of plasma ACTH concentrations under low feedback occurred early in all groups,
and we saw no evidence of abnormal timing of this effect in the hypercortisolemic depressed
patients. Under metyrapone, plasma ACTH exceeded the mean 24-h Day 1 concentration at
(means) 0215h in controls, 0211h in high-cortisol depressed patients, and 0200h in low-
cortisol depressed patients. Likewise, plasma ACTH concentrations on Day 2 exceeded the
24-hr Day 1 maximum levels at (means) 0357h in control subjects, 0327h in high-cortisol
depressed patients, and at 0436h in the low cortisol depressed patients (one-way ANOVA
not significant, P=0.21). Peak plasma ACTH concentrations occurred at a mean time of
0802h on Day 2 in control subjects, at 0800h in high-cortisol depressed patients, and at
0856h in low-cortisol depressed patients. None of these group differences was statistically
significant by parametric or nonparametric ANOVA. There were no significant correlations
of mean or peak Day 2 plasma ACTH with mean or peak Day 2 plasma cortisol within the
entire sample or in any subgroup.

In order to exclude potential confounding by negative feedback from breakthrough cortisol
levels late in the sampling period, we examined closely the ACTH responses early in the
night. The lack of difference between hypercortisolemic patients and normal controls is
displayed in Figure 1. Between 0200h and 0230h, when both groups first exceeded their Day
1 mean 24-h plasma ACTH values, the corresponding median plasma cortisol concentrations
were indistinguishable, and in the range of 1-2 ug/dL (Figure 1B).

The maximum ACTH values on Day 2 occurred at (means) 0800h in high-cortisol depressed
patients and at 0802h in control subjects. These maxima thus occurred 2 hours before
sampling ended. The ambient plasma cortisol levels (3-point average beginning at the time
of ACTH maximum) were 4.2 ug/dL (SD 1.6) in control subjects and 4.9 ug/dL (SD 1.6) in
the hypercortisolemic depressed patients. This difference was not statistically significant
(P=0.35). It cannot be determined whether the decline of plasma ACTH levels after 0800h
on Day 2 (Figure 1A) resulted from the negative feedback of gradually rising cortisol levels
or from the underlying circadian programming of the HPA axis. On Day 2, the ACTH peak
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time relative to Day 1 was delayed by (means) 55 minutes in control subjects and by 56
minutes in hypercortisolemic depressed patients.

Deconvolution analysis of 10-h ACTH data on Day 1 (placebo) and Day 2 (metyrapone)
showed that metyrapone treatment stimulated ACTH secretory-burst size (mass per pulse,
MPP), pulsatile ACTH secretion and basal ACTH secretion similarly in all 3 groups: Figure
3. ACTH secretory-burst frequency rose significantly in control (P = 0.011) and high-
cortisol depressed (P = 0.027) patients. In contrast, by ANCOVA of main effects, basal
(nonpulsatile) ACTH secretion was higher in high-cortisol than low-cortisol depressives
(group effect P = 0.036, Tukey’s test P = 0.047): Figure 4. Pulsatile ACTH secretion rose
similarly in all 3 groups (P = 0.23 by cohort). Unpaired subgroup comparisons were
therefore performed on ACTH secretory dynamics in the high-cortisol depressed and control
groups. The high-cortisol patients maintained higher basal cortisol secretion on the placebo
day (0.031 <P <0.052), and narrower cortisol secretory bursts after metyrapone (0.042 <P
<0.051). They also displayed trends to higher pulsatile ACTH (0.077 <P <0.089) and
cortisol (0.077 <P <0.082) secretion on the placebo day: Table 2.

In relation to 10-h cortisol secretion on Day 1, depressives with high-cortisol status tended
to maintain numerically higher pulsatile and basal cortisol secretion rates than normal
individuals (0.031 < P <0.082) Table 2. They also displayed elevated basal and pulsatile
Day 1 10-h cortisol secretion, and shorter cortisol secretory bursts than the low-cortisol
depressed patients (0.004 <P <0.083) (data available on request). Except for cortisol burst
mode, there were no trends for differences in ACTH or cortisol secretory dynamics on Day
2 between the high-cortisol depressed patients and the two other groups (Table 2).

Notable distinctions between the present Day 1 (placebo day) 10-h and earlier 24-h Day 1
analyses (11) were (1) no reduction of ACTH half-life in depressed compared with control
subjects, and (2) similar mean basal, pulsatile, and total ACTH secretion (data available on
request). The differences may reflect the more refined, new generation deconvolution
methods, as well as the smaller sample, 10-h vs 24-h sampling, analysis restricted to the
circadian ACTH/cortisol surge, and use of ANCOVA vs ANOVA. Confirmatory findings
included (1) comparable measures of pulsatile and total ACTH secretion in low- and high-
cortisol depressives, and (2) higher basal ACTH secretion in high- than low-cortisol
depressives. A new finding was abbreviated cortisol secretory bursts (reduced cortisol-burst
mode) in the high-cortisol cohort compared with the low-cortisol depressed group (data
available upon request).

ApEn and cross-ApEn at the hypothalamo-pituitary level

ApEn analysis was applied to quantify irregularity of ACTH secretion. As shown in Table 3,
there were no differences in ApEn of ACTH profiles among control and depressed patients
with low- or high-cortisol concentrations on the placebo day (group effects, P = 0.94). These
10-h ApEn results for ACTH secretion are consistent with the 24-h Day 1 results (11).
Moreover, metyrapone reduced ACTH ApEn comparably in each subgroup (P < 0.001),
consistent with hypocortisolemia-associated feedback reduction in this axis (27).

Cross-ApEn analysis (a measure of joint asynchrony) of cortisol-ACTH coordination at the
pituitary level in the feedback direction revealed no difference between groups on either Day
1 or Day 2 (Table 3, and Figure 5). Metyrapone treatment significantly reduced cortisol-
ACTH asynchrony (increased synchrony) in the 3 study cohorts at P = 0.036 (overall P <
0.001, covariate P = 0.001). However, there were no group differences by ANCOVA
(interaction P = 0.45, group P = 0.27): Figure 5. When high- and low-cortisol depressives
were compared, cortisol-ACTH cross-ApEn on Day 1 was significantly higher in the former
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group (0.012 <P <0.021). There was no difference between high-cortisol depressed and
control data (P>0.10).

ApEn and cross-ApEn at the adrenal level

Day 1 Cortisol ApEn—At the level of the adrenal cortex, the 10-h Day 1 ApEn for
cortisol secretion revealed significant irregularity [high ApEn] in the high-cortisol depressed
group compared to normal controls: Table 3. Cortisol ApEn on Day 1 also was significantly
elevated in exploratory comparisons of high-cortisol versus low-cortisol depressed patients
(0.019 <P <0.029). This result is consistent with the previously reported 24-h Day 1 results
for cortisol ApEn (11).

Day 2 Cortisol ApEn—Under metyrapone, cortisol ApEn increased significantly in
control subjects (P<0.01) but not in either depressed subgroup (Table 3). Differences
between day 2 and day 1 ApEn (mean £ SEM) were: control +0.144 £ 0.045 (P < 0.001 vs
all others), 7 high-cortisol depressed —0.331 + 0.101 and low-cortisol-depressed —0.374 +
0.110. Note that the difference between mean (group) ApEn is not the same mathematically
as the mean of the paired (day 2 — day 1) ApEn differences. On Day 2 there was no
significant difference of cortisol ApEn among groups: Table 3.

ACTH-cortisol Cross-ApEn

ACTH-cortisol feedforward cross-ApEn was more asynchronous in the high-cortisol
depressed than the other two cohorts (0.006 <P <0.037): Tables 2 and 3. All statistically
significant adrenal-level ApEn and cross-ApEn contrasts were restricted to Day 1, indicating
that the administration of the adrenal enzyme inhibitor metyrapone abolished the baseline
group differences in adrenal secretory regularity and synchrony. Moreover, all statistically
significant ApEn and cross-ApEn contrasts between hypercortisolemic depressed patients
and normal control subjects were restricted to the adrenal-level cortisol entropy measures.
We found no evidence of erratic or chaotic ACTH secretion, even when cortisol feedback
was reduced.

A potential limitation of this study is the small number of hypercortisolemic depressed
patients. However, the data give no reason to infer that the key finding of no difference in
ACTH secretory responses to low feedback would change with a larger sample. Based on
the observed data, power analysis indicates that a sample size in excess of 300 per group
would be needed to establish a difference between control subjects and hypercortisolemic
depressed patients in Day 2 maximum plasma ACTH concentrations with alpha 5% and beta
10%. For Day 2 mean plasma ACTH concentrations, the corresponding sample required
would be >180 per group. These and additional power analyses based on the observed data
are available upon request. These follow-up power analyses are based on unpaired t-tests
using the observed data, with alpha set at the conventional 0.05. Because beta indicates the
probability of declaring no difference when a true difference exists, we set beta at the more
stringent level of 0.10 rather than the familiar 0.20.

Discussion

The data do not support either the central overdrive theory or the impaired glucocorticoid
feedback theory of HPA axis activation in hypercortisolemic depressed patients. There is
support in the data for dysregulated function at the level of the adrenal cortex in such
patients.

With respect to the central overdrive theory, hypercortisolemic depressed patients and
normal control subjects achieved similarly low plasma cortisol levels under metyrapone,
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especially early in the night (Table 1, Figure 1B). In response to this reduced cortisol signal,
there was no evidence of exaggerated ACTH responses (Figure 1A and Table 1). The three
study cohorts exhibited similar augmentation of both basal (nonpulsatile) and pulsatile
ACTH secretion in response to low feedback (Figure 3). The former increase was about 1.7-
fold and the latter 10-fold matching values of the baseline day. Thus, amplification of
pulsatile ACTH secretion predominates over elevation of basal ACTH secretion in a low-
cortisol milieu, confirming our earlier 24-h data in normal subjects (26). Enhanced pulsatile
ACTH secretion was due in turn to a 1.3-fold rise in ACTH secretory-burst frequency and
an 8-fold rise in secretory-burst size (mass of ACTH (ng) released per burst per unit (L)
distribution volume). These results establish that both basal and pulsatile ACTH secretion
are strongly modulated by glucocorticoid feedback in both healthy and depressed
individuals. We conclude that normal adults and hypercortisolemic depressed patients
maintain highly comparable dynamics of ACTH secretion when assessed under a low-
cortisol clamp at good (> 90% to 99%) statistical power. A potential objection is that
differences were not observed between groups in the secretory response of ACTH to low
feedback because of a ceiling effect on maximal Day 2 ACTH secretion. The data in the first
half of the night, well before maximal plasma ACTH levels were achieved, do not support
that potential objection (Figure 1). In addition, the temporal profile of ACTH increases on
Day 2 was almost identical in controls and in hypercortisolemic depressed patients: both
groups passed their respective Day 1 mean ACTH level and maximal ACTH level, and
achieved peak ACTH levels on Day 2 at similar times (Results).

Likewise, the ACTH ApEn results did not suggest irregular or chaotic stimulation of the
pituitary corticotrope cells by hypothalamic secretagogues on Day 1 or on Day 2, in keeping
with our previously reported 24-h Day 1 data (11). Posener and colleagues (10) reported
decreased baseline ACTH ApEn in male depressed patients, based, however, on hourly
rather than 10-minute sampling. Young and colleagues (28) reported increased baseline
ACTH ApEn based on 10-minute sampling in female patients with mild depression severity
who were not shown to be hypercortisolemic. In the present study, metyrapone treatment
decreased ACTH ApEn, signifying more coordinated central drive of corticotrope cell
secretion and/or greater hypothalamopituitary system isolation with low feedback (27,29).
However, the groups did not differ in this respect (Table 3 and Results). These 10-h ApEn
results for ACTH secretion under both normal and reduced glucocorticoid feedback give no
support to the hypothesis of chaotic dysregulation of anterior pituitary corticotrope cells by
overactive limbic-hypothalamic circuits in hypercortisolemic depressed patients.

We did observe in the deconvolution analyses that basal (nonpulsatile) 10-h ACTH secretion
trended higher in high-cortisol than low-cortisol depressed patients under metyrapone, and
in comparison with normal subjects on the combined baseline and metyrapone days (Figure
4). The latter outcome supports an earlier report in female depressed patients of mixed
cortisolemic status (9), and it is in agreement with our previously reported 24-h data (11).
Since basal ACTH secretion is not known to depend upon arginine vasopressin (AVP) or
CRH pulses, greater basal secretion could reflect diminished inhibition of constitutive
ACTH synthesis and release by endogenous inhibitors, such as somatostatin, cortisol,
annexin-1, nitric oxide and antiinflammatory cytokines and certain prostaglandins (30).
Elevated basal ACTH secretion also would be congruent with the higher cortisol — ACTH
cross-ApEn observed here, and with reports of increased anterior pituitary volume in
depression (31).

A potential limitation of this study is the small number of hypercortisolemic depressed
patients. However, the power analyses based on the observed data do not suggest that our
key conclusions about ACTH secretory dynamics would change with larger samples within
the logistically feasible range (Results). Moreover, for mean and peak Day 2 plasma ACTH
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levels, the direction of difference is controls > hypercortisolemic depressed (Table 1). Thus,
despite the small number of cases, the ACTH data under low feedback are not at all
consistent with the theory of HPA axis overdrive by an activated limbic system in
hypercortisolemic major depression. Specifically, as seen in Figure 1A, we found no
evidence of the excessive and phase advanced nocturnal ACTH secretion predicted by
classic studies in depression (16). In this regard, it should be recalled that the ACTH
response to low feedback under metyrapone in humans is in part mediated through
prefrontal and/or limbic system override of a hypothalamic GABA-ergic mechanism that
inhibits the release of corticotropin releasing factor (CRF) (32). Other trends in the data
might well become statistically significant with a larger sample. Examples are the control —
high-cortisol depression contrasts for pulsatile ACTH secretion and for pulsatile cortisol
secretion on Day 1 (Table 2). However, confirmation of these trends would not necessarily
change the conclusion that we found no increase of central drive on the HPA axis in
hypercortisolemic depression. Contemporary modeling of HPA-axis physiology emphasizes
continuous dynamic feedforward and feedback regulatory loops interacting with
glucocorticoid receptors, with or without the necessity for phasic hypothalamic activity as
the source of pulsatile hormone secretion (33-35).

Another possible limitation is confounding by recent discontinuation of antidepressant drug
intake by the depressed patients. Direct study of this issue, however, has found that
discontinuation of fluoxetine, sertraline or paroxetine was associated with no significant

change of 24-h urinary free cortisol excretion or of evening plasma cortisol concentrations
(36).

Previous studies of low feedback using metyrapone in depression have yielded inconsistent
results. Several early studies used a single dose overnight protocol (37). These are not
readily interpreted by current standards, in light of the 30-minute plasma half-life of
metyrapone (24). When metyrapone has been administered in the morning (0800h—0900h)
no abnormal response of ACTH or beta-endorphin was reported in 2 studies (6,38) but these
results are not consistent with the report of Ur et al (5). When metyrapone has been
commenced in the late afternoon or early evening the results again are inconsistent, with
findings of either no difference in ACTH response (39,40), or an exaggerated beta-
endorphin response in depression (41).

With overnight metyrapone dosing, results again have been inconsistent. In a 24-hour
multiple dosing protocol commencing at 0900h, Ur et al. (5) gave metyrapone 750 mg every
4 hours. They first found early and sustained exaggerated ACTH responses to metyrapone in
depressed patients whose DST results were abnormal — as early as 1200h. As noted above,
this early increase of ACTH in daytime hours was not confirmed by others (6,38). Ur and
colleagues (5) reported a maximum effect on ACTH after 24 hours, at which time (0900h)
plasma cortisol had broken through the metyrapone inhibition, with levels of 6-7 ug/dL. The
same breakthrough of cortisol at the time of the circadian acrophase was seen in our data in
depression (Results) and in normal subjects (26). However, Young et al (42) reported no
such cortisol breakthrough in a 24h metyrapone protocol that commenced at 1600h. In the
same study, no ACTH response to metyrapone was detected until 12 hours after metyrapone
was commenced, i.e. at 0400h. Thus, the overnight study of Young and colleagues is in
disagreement with our data, because we did see significant ACTH increases beginning at
0200h. The reasons for these conflicting reports are not clear. We can only point out that the
patient samples were likely heterogeneous and that most investigators did not address the
condition of baseline hypercortisolemia in their data analyses.

Our observations and those of Ur et al (5) are consistent with the preclinical findings of
Plotsky and Sawchenko (43), who described massive activation of the HPA axis during what
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they termed pharmacological adrenalectomy by metyrapone in rats, once the animals passed
through the circadian acrophase. Our results diverge from those of Ur et al (5) in finding no
difference in ACTH response between depressed patients and control subjects. We
characterized baseline HPA axis hyperactivity by mean 24-h plasma cortisol concentration,
whereas Ur et al (5) used DST results for that purpose. These are not identical benchmarks
of the level of HPA axis activity (13), and the study of Ur et al (5) did not control for the
known confound of plasma dexamethasone pharmacokinetics (44).

Our data and the follow-up power analyses also fail to support the theory of defective
glucocorticoid feedback on the HPA axis in hypercortisolemic depression. Under that
theory, the increase of ACTH secretion during reduced glucocorticoid feedback on Day 2
would be smaller in the patients than in control subjects. However, we saw no significant
difference for mean Day 2 plasma ACTH or for Day 2 maximum ACTH concentrations. We
also found no difference in the ambient plasma cortisol levels at the time of the plasma
ACTH peak on Day 2 (Results). This finding gives no support to a hypothesized feedback
deficiency in the hypercortisolemic depressed patients. The follow-up power analysis of this
variable indicated that samples of at least 80 subjects per group would be needed to establish
a statistically significant difference. The functional and heuristic relevance of any such
finding would be dubious.

Further confirmation of no difference in glucocorticoid feedback comes from the ApEn
analyses: Under low feedback, ACTH ApEn fell significantly and comparably in all groups
(Table 3). Likewise, the reverse cross-ApEn results (cortisol feedback on regularity of
ACTH secretion) did not discriminate hypercortisolemic patients from control subjects
either on Day 1 or on Day 2, and the reverse cross-ApEn response to reduced feedback did
not differ between these groups (Table 3 and Figure 5).

Overall, our data are most consistent with the third general theory, which proposes
pathology at the level of the adrenal cortex in hypercortisolemic depression. The most
powerful evidence in our data is the increase of basal cortisol secretion, which we could
identify with the new deconvolution methodology, as well as the increased cortisol ApEn
(Table 2 and Table 3). Exploratory comparisons between the two subgroups of depressed
patients on the control day suggested that hypercortisolemic patients had shorter (reduced
mode of) 10-h cortisol secretory bursts, increased basal cortisol secretion, more irregular
cortisol patterns, and greater ACTH-cortisol and cortisol-ACTH asynchrony. These
differences were not observed during metyrapone administration. On the metyrapone day,
however, all groups had achieved markedly non-physiological plasma ACTH concentrations
for a sustained duration (Figure 1 and Table 1). This factor, in combination with the severe
degree of 118-hydroxylase enzyme inhibition in the adrenal cortex makes a valid Day 1 —
Day 2 comparison of cortisol secretory dynamics impossible. Thus, only the Day 1 data are
physiologically valid, so these are determinative in suggesting adrenal involvement in the
pathophysiology. Although based only on hourly sampling, Posener et al (2004) (10) also
reported increased 24-h cortisol ApEn in depressed males. By way of precedence, cortisol
ApEn is elevated in ACTH-dependent hypercortisolism, cortisol-secreting adrenal adenoma
and untreated congenital adrenal hyperplasia (17,45,46). In fact, enlarged adrenal size has
been reported in depression (12,47). There is now general agreement that adrenocortical
sensitivity to physiological stimulation with ACTH is not increased in depression, even
when adrenal gland enlargement has been established (11,48,49).

Adrenocortical enlargement occurs in subacute or chronic stress and is generally considered
reversible, which is known to occur in depression (12). Increased basal (non-pulsatile)
cortisol secretion is an expected consequence of adrenocortical enlargement. The primary
candidate mechanism of adrenocortical enlargement in stress is limbic-hypothalamic driven
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autonomic activation, acting via the splanchnic nerve (50). Thus, our interpretive
formulation may still be viewed as consistent with limbic-hypothalamic overactivity in
hypercortisolemic depression, but with the mechanism being through hypothalamic-
splanchnic sympathetic nervous system activation rather than through the classically
proposed ACTH mechanism. A number of additional non-ACTH factors are known to
influence adrenocortical steroidogenesis; these include cytokines, adipokines, endothelial
paracrine factors, and neuropeptides (51). However the effects of these autonomic and
humoral factors on adrenal secretory dynamics are largely unexplored, and none has been
definitely linked to hypercortisolemic depression.

Differences in CBG concentrations would not explain elevations in ApEn, cross-ApEn and
basal cortisol secretion in hypercortisolemic depression. Although not measured here, CBG
concentrations are not reported to be decreased in depressed patients, even those with HPA
axis activation (52,53). Moreover, ApEn is a scale-independent measure of regularity, which
is not influenced by absolute hormone concentrations in the time series (27). Therefore, high
cortisol ApEn and bidirectional cross-ApEn estimates may have heuristic value in future
physiological studies of hypercortisolemic depression.

Qualifications and limitations include the caveats that measures of ACTH and cortisol
secretion in patients hospitalized for major depression (as studied here) may differ from
those in outpatients or others with less severe illness. This project was designed to evaluate
specific theories about hypercortisolemic depression, not to develop biomarkers of major
depression as it is treated broadly in the community. Whereas low-feedback provocation of
the HPA axis was studied here, psychosocial or physical stress protocols need further study
because these will produce less extreme and more ecologically relevant activation of the
HPA axis than what is observed under metyrapone in our overnight protocol. Our strategy of
stratifying depressed patients using the biomarker of hypercortisolemia reduced the
heterogeneity encountered when patients are classified by current syndromal clinical criteria.
In addition, we do not presently know whether the abnormalities seen in the high-cortisol
depressed patients will resolve after clinical recovery. As for the low-cortisol depressed
patients, we have reported their data for trend signaling only, and no firm conclusions can be
advanced based on this very small sample.

In summary, the data obtained with this strategically timed low feedback protocol did not
support either the theory of limbic-hypothalamic-pituitary overdrive or the theory of
defective glucocorticoid feedback as the mechanism of hypercortisolemia in depression. The
results point to elevated and irregular secretion of cortisol, especially basal cortisol
secretion, associated with elevated basal ACTH secretion and/or non-ACTH mechanisms.
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Deconvolution analysis is a statistical method of resolving the contributions of hormone
secretion and hormone clearance to the observed plasma hormone concentration over time.
Deconvolution analysis permits one to estimate hormone secretion, without otherwise
confounding variations in the plasma half-life among different individuals and/or different
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conditions of study (17). Thus, the ACTH secretory response is considered a “purer” signal
than plasma ACTH levels.

For ACTH, the main outcomes of deconvolution analysis are ACTH secretory-burst mass
(ng/L) and number (per 10 h), pulsatile and nonpulsatile (basal) ACTH secretion (ng/L/10
h), ACTH half-life (min) and secretory-burst shape (mode of time delay to maximal
secretion in min). Sensitivity and specificity of pulse detection in this study exceeded 92.5%
(54). Corresponding outcomes also were computed for cortisol. For inferences concerning
the level of activity in the HPA axis, basal and pulsatile secretion rates of ACTH and
cortisol are more informative than serial plasma ACTH and cortisol changes over time.

ApEn quantifies the relative orderliness or subpattern consistency in a time series, with
higher ApEn corresponding to less regularity [greater randomness]. ApEn is a unitless,
scale-independent measure of regularity (27). Regularity values change whenever negative
or positive feedback changes, and thus ApEn provides a measure of altered feedback state
(27). In the corticotropic axis, feedback withdrawal is predicted to decrease ACTH ApEn, as
well as forward and reverse cross-ApEn (55). Cross-ApEn by analogy quantifies the relative
synchrony (joint regularity) of subpatterns within paired time series, wherein higher cross-
ApEn denotes less synchrony [greater asynchrony]. The terms forward and reverse cross-
ApEn refer to ACTH-cortisol forward drive and cortisol-ACTH feedback restraint,
respectively, as defined earlier (55).

In addition, the approximate entropy (ApEn) statistic is uniquely suited as a sensitive and
highly specific marker of feedback alterations or of adaptations in pathology (56). ApEn
evaluates the consistency or reproducibility of short subpatterns in time series. We have
shown directly in computer simulations (57) and in seven types of clinical experiments (27)
that ApEn provides > 90% sensitivity and specificity for detecting network-like effects of
pathophysiology. ApEn in two other studies detected significant loss of ACTH and/or
cortisol regularity in depressed individuals (10,11,28).

The mathematical basis for ApEn is geometric reproducibility of patterns and subpatterns in
the time series (58). ApEn will detect subtle differences in pattern synchrony between two
hormone profiles, but independently of magnitude per se. The latter point is particularly
important when dealing with endocrine systems, wherein stability of synchrony must be
estimated independently of absolute magnitude of the time-series values. This independence
is achieved by normalizing the cross-ApEn and ApEn threshold used for testing similarities
in pattern (and detecting differences in pattern) against the individual series standard
deviation (SD). Thus, ApEn is a normalized statistic. Changes in the time latency of ACTH-
cortisol coupling are not themselves detected in this approach, but might be detectable using
a new dose-response downregulation model which we have yet to apply to these data.

ApEn is not the same as a within-individual standard deviation in (e.g.) cortisol levels across
the day. ApEn uses a fraction of the within-individual SD to normalize for amplitude
differences. The typical well validated fraction is an ApEn threshold of 0.2 times the SD of
that series. Thereby, ApEn is sensitive to pattern differences, even when SD’s of the series
do not differ.
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Fig 1A Plasma ACTH Under Low Feedback
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Plasma Cortisol Under Metyrapone
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Figure 1.

Median plots in control subjects and high-cortisol depressed patients, showing comparable
ACTH A and cortisol levels B at 0200h—0230h when both groups exceeded their Day 1
mean ACTH concentrations under metyrapone.
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Fig2zA Plasma ACTH Under Normal and Low Feedback
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riges Plasma ACTH Under Normal and Low Feedback
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Figure 2.

Detail showing early increase of median ACTH concentrations under metyrapone in control
subjects A and high-cortisol depressed patients B.
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Dynamic ACTH Responses to Overnight Metyrapone
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Basal
1000
= 750
[=]
S 500 %
3 .
E 250 éﬁoo.ﬂ

Basal

500

(ng/L/10 h)

1000
750

500

(ng/L/10 h)

250

Bar graphs representing paired (within-subject) comparisons of ACTH secretory changes
during metyrapone (M) compared with placebo (P) exposure in the subjects presented in

Figure 1. MPP denotes mass per pulse.
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Basal and Pulsatile ACTH Secretion in Depression
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Figure 4.

Estimates of basal (top) and pulsatile (bottom) ACTH secretion in healthy subjects (N =11),
high-cortisol depressed (N=7) and low-cortisol depressed (N=5) patients. Data are the mean
+ SEM. The overall ANCOV A model yielded P<0.001. Group, treatment and interaction
effects are stated in the box. Bars with different (unshared) alphabetic superscripts differ
significantly (P<0.05) by Tukey’s honestly significantly different post hoc multiple-
comparison test. Thus, A differs from BC but not from AB.
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Cross-ApEn of Feedback Cortisol-ACTH Asynchrony

Group P = 0.27, Treatment P = 0.036, Interaction P = 0.45

Tm

Cross-ApEn of paired cortisol-ACTH (feedback asynchrony) concentration profiles.
ANCOVA yielded overall P<0.001 for combined effects of treatment and group.
Subanalysis showed a drug treatment effect of P=0.053 (see Figure 4 format). ACTH-
cortisol (feedforward) cross-ApEn data are given in Table 3.
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Table 1

Median and peak ACTH and cortisol concentrations during normal and low-cortisol feedback

Group ACTH (ng/L) Cortisol (pg/dL)
Median Peak Median Peak
Control (N=11)
baseline 22 (16-34)A 46 (31-94)4 7.1 (5.3-11)A 18 (14-22)
metyrapone 153 (81-373)B 388 (216-1195)8 2.4 (1.5-5.5)8 52(2.7-8.9)8

increment or decrement 129 (55-351)

Depression High Cortisol (N = 7)

baseline 30 (18-32)A

metyrapone 143 (78-267)B
increment or decrement 115 (49-235)

Depression Low Cortisol (N = 5)

baseline 18 (16-37)*

metyrapone 129 (25-217)B
111 (10-180)

< 0.001

increment or decrement

ANCOVA P value:

322 (143-1148)

48 (42-57)A
390 (234-868)B
335 (187-811)

36 26-9)A
383 (66-701)B
347 (40-610)

< 0.001

-4.9 (-7.0 to -1.6)

11(9.7-14)A
3.7 (2.44.6)8
7.0 (-10.8 to —6.2)

4.1 (1.9-6.7"
1.9 (0.89-2.9)8
-2.8 (-4.2t0 -1.0)
< 0.001

-12.7 (-16.8 to -8.4)

20 (18-24)A
6.3 (4.4-8.6)B
~14.0 (-16.6 to =11.1)

11 (5.8-15
42 (23-6.1)B
-6.5 (-8.6 10 -3.5)
< 0.001

Data are the median (range) for the indicated groups over the interval 0000 — 1000 h.

Page 24

Values after metyrapone were significantly different from the matching baseline values. The overall P value for the latter contrast is indicated on

the bottom line of the table.

Data were first natural-log transformed before ANCOVA. Accordingly, given the skewed distributions, the median and range of values are

presented.

The mean concentrations and peak concentrations were calculated as single values in each person over the 10 hours. From the set of mean and peak
values, the median and absolute range were taken, representing the values printed in the table.

ANOVA confirms lower cortisol values in each group on the metyrapone day compared to the baseline day. On the metyrapone day the cortisol
values were similar among the 3 subject groups. The decrements were significantly less for cortisol in the low cortisol group.

P values for median vs peak (paired column comparisons) were all P<0.01, and hence are not marked separately.

Means with unique (unshared) alphabetic superscripts differ between paired baseline and metyrapone rows within each of the three separate

groups. Thus, A differs from B.
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