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Abstract

Pre-clinical and clinical studies have employed treatment with glucocorticoid receptor (GR)
antagonists in an attempt to limit the deleterious behavioral and physiological effects of excess
glucocorticoids. Here, we examined the effects of GR antagonists on neuroendocrine and
behavioral stress responses, using two compounds: mifepristone, a GR antagonist that is also a
progesterone receptor antagonist, and CORT 108297, a specific GR antagonist lacking anti-
progestin activity. Given its well-documented impact on neuroendocrine and behavioral stress
responses, imipramine (tricyclic antidepressant) served as a positive control. Male rats were
treated for five days with mifepristone (10 mg/kg), CORT 108297 (30 mg/kg and 60 mg/kg),
imipramine (10mg/kg) or vehicle and exposed to forced swim test (FST) or restraint stress.
Relative to vehicle, imipramine potently suppressed adrenocorticotropin hormone (ACTH)
responses to FST and restraint exposure. Imipramine also decreased immobility in the FST,
consistent with antidepressant actions. Both doses of CORT 108297 potently suppressed peak
corticosterone responses to FST and restraint stress. However, only the higher dose of CORT
108297 (60mg/kg) significantly decreased immaobility in the FST. In contrast, mifepristone
induced protracted secretion of corticosterone in response to both stressors, and modestly
decreased immobility in the FST. Taken together, the data indicate distinct effects of each
compound on neuroendocrine stress responses and also highlight dissociation between
corticosterone responses and immobility in the FST. Within the context of the present study, our
data suggest CORT 108297 may be an attractive alternative for mitigating neuroendocrine and
behavioral states associated with excess glucocorticoid secretion.
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Introduction

Depression is a serious neuropsychiatric disorder with a lifetime prevalence of 20%. A
major factor in the onset or exacerbation of depression symptoms is hypothalamic pituitary
adrenal (HPA) axis dysregulation (Juruena et al., 2004). Physiological or psychological
stressors activate the HPA axis, culminating in the biosynthesis and release of
glucocorticoids from the adrenal cortex. Glucocorticoids exert their biological effects by
binding glucocorticoid receptors (mineralocorticoid receptors (MR) and glucocorticoid
receptors (GR)). Notably, glucocorticoids provide a negative feedback signal at peripheral
(pituitary) and central (hypothalamus, hippocampus, medial prefrontal cortex) targets to
constrain excessive activation of this neuroendocrine system (Myers et al., 2012; Herman et
al., 2012). This autoregulatory role of glucocorticoids is particularly important, as
glucocorticoid hypersecretion is associated with somatic disease including obesity
(Hryhorczuk et al., 2013) and psychopathology, most notably depression (Holsbhoer, 2000;
Pariante, 2006).

A significant body of evidence suggests that depression is associated with impaired
glucocorticoid signaling. For example, many depressed patients present with abnormal
circadian cortisol secretion and/or deficits in GR mediated feedback (dexamethasone
resistance) (Modell et al., 1997; Pariante, 2006). In this vein, successful antidepressant
treatment normalizes cortisol concentrations in depressed individuals (Otoole et al., 1997,
Piwowarska et al., 2012). Further, analyses of postmortem tissue from individuals with a
history of depression indicate decreased GR mRNA expression in the frontal cortex and
hippocampus (Modell et al., 1997; Webster et al., 1999; Webster 2002), suggesting that
impaired GR signaling in central feedback areas may be an underlying factor in the
pathophysiology of depression. Consistent with this finding, research in rodent models
underscores the notion that GR signaling in central feedback areas is critical for appropriate
mood and neuroendocrine responses. For example, increased depression-like and anxiety-
like behaviors, as well as increased basal and stress-induced corticosterone secretion, are
observed in genetic knockout mouse models targeting forebrain GR (medial prefrontal
cortex, basolateral amygdala, and hippocampus) (FBGRKO) (Boyle et al., 2005; Boyle et
al., 2006; Furay et al., 2008; Solomon et al., 2012). Notably, the tricyclic antidepressant,
imipramine, reverses many of the abnormal neuroendocrine and behavioral stress responses
observed in FBGRKO mice (Boyle et al., 2005). A putative mechanism by which
antidepressants modulate aberrant glucocorticoid secretion is via GR regulation. For
example, tricyclic antidepressants increase GR promoter activity, GR mRNA expression and
GR binding in neuronal cell lines (Pepin et al., 1989; Pepin et al., 1991; Okugawa et al.,
1999). Congruent with in vivo studies, antidepressant treatment increases hypothalamic and
hippocampal GR mRNA expression in the brain (Peiffer et al., 1991). In aggregate, the
preclinical and clinical findings suggest that dysfunction in central GR underlies depression
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symptomology and suggest that compounds targeting this receptor may be suitable treatment
strategies for depression.

Given the reported deleterious effects of hypercortisolemia on mood regulation, GR
antagonists are being advanced as potential antidepressants (Anacker et al., 2011).
Antagonizing GR would provide a means of limiting the deleterious effects of chronically
elevated glucocorticoids, and may be sufficient to up-regulate GR in central feedback areas
such as the hippocampus and hypothalamus. Clinical studies indicate that brief treatment
(4-8 days) with the GR antagonist, mifepristone, decreases symptoms of psychotic
depression (Belanoff et al., 2001); although see (Carroll & Rubin, 2006). In addition, rodent
studies demonstrate that mifepristone or selective GR antagonists like ORG34116, decrease
depression-like behavior in a behavioral assay for antidepressant efficacy and behavioral
despair (de Kloet et al.,1988; Bachmann et al., 2005; Wulsin et al., 2010). Further studies
report that mifepristone prevents chronic stress-induced depression-like behavior, learning
impairment and suppression of neurogenesis in rats (Aisa et al., 2007, Aisa et al., 2008;
Oomen et al., 2007). Overall, these data specify a potentially promising role for GR
antagonists, particularly mifepristone, as a treatment option to offset or prevent some of the
emotional, cognitive and neuroplastic consequences of chronic stress exposure.

Our group has demonstrated that acute treatment with mifepristone modestly decreases
immobility in the forced swim test (FST) and dampens HPA axis responses to FST exposure
in rats (Wulsin et al., 2010). Furthermore, the data suggest that mifepristone attenuates
neuroendocrine stress responses by increasing neuronal activation of stress inhibitory brain
regions (medial prefrontal cortex and ventral subiculum of the hippocampus) and decreasing
neuronal activation of stress excitatory brain regions (central amygdala). However,
mifepristone is also a progesterone receptor (PR) antagonist, causing some uncertainty about
mechanism of action.

In the present study, we examined the effects of a new, selective GR antagonist CORT
108297, on behavioral and neuroendocrine stress responses. Given the reported effects of
glucocorticoid hypersecretion on physiology and behavior, we predicted that CORT 108297
would induce decreased neuroendocrine (ACTH and corticosterone) and decreased
behavioral stress responses. Our data suggest that CORT 108297, at least when administered
within the context of the present study, has antidepressant-like properties that mimic those
of mifepristone. However, unlike mifepristone, CORT 108297 has a more potent effect at
suppressing corticosterone responses during the peak phases of the stress response, but does
not trigger rebound increases in cQorticosterone secretion at long post-stress latencies.
Together, the data suggest that CORT 108297 may be a suitable alternative for treatment of
neuroendocrine and behavioral conditions associated with excess glucocorticoid secretion.

Materials and Methods

Subjects

Male Sprague Dawley rats (Harlan Laboratories, Indianapolis, IN; 250-275 g) were housed
two per cage in standard rat shoebox cages and acclimated to the housing conditions for 1
week prior to the initiation of the study. Rats were maintained in a temperature and
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humidity-controlled environment on a 12:12 LD (lights on 0600/ lights off at 1800) with
food and water available ad libitum. All experimental manipulations occurred within the
first 4 hours of lights on, and were conducted in accordance with the National Institutes of
Health Guidelines for the Care and Use of Animals and approved by the University of
Cincinnati Institutional Animal Care and Use Committee.

Drug Treatment

For Experiments 1 and 2, forty-eight rats were matched by bodyweight and were
administered, CORT 108297 dissolved in dimethyl sulfoxide (DMSO) (30mg/kg s.c.(n=10)
or 60 mg/kg s.c. (n=10) (Corcept Therapeutics, Menlo Park, CA), mifepristone dissolved in
DMSO 10mg/kg s.c. (n=10) (Sigma-Aldrich), imipramine dissolved in saline 10mg/kg i.p.
(n=10) (Sigma-Aldrich) or vehicle DMSO s.c. (n=4) or saline i.p. (n=4). Control groups
consisted of both subcutaneous (s.c.) and intraperitoneal (i.p.) groups to control for the route
of administration and both DMSO and saline to control for any potential differences
between the compounds on neuroendocrine and behavioral stress responsiveness. As there
were no statistical differences in neuroendocrine stress responses between the DMSO and
saline treated animals, these groups were collapsed into one vehicle group. The doses and
treatment regimen for mifepristone and imipramine were based on our previous study
(Wulsin et al., 2010). The doses for CORT 108297 were chosen based on a range of doses
that were previously published in (Belanoff et al., 2010; Asagami et al., 2011). The doses for
mifepristone and imipramine were chosen based on our previously published findings of
antidepressant-like effects in the forced swim test (Wulsin et al., 2010). The experimental
animals were allowed approximately two weeks to recover between experiments 1 and 2.
Animals remained in the same drug group for both experiments 1 and 2.

Experiment 1 Effects of GR Antagonists and Imipramine on Neuroendocrine
and Behavioral Responses to Forced Swim Test—Rats were injected with CORT
108297 (30mg/kg or 60mg/kg), mifepristone (10mg/kg), imipramine (10mg/kg) or vehicle
for 5 days. On the fifth day, animals were injected one hour prior to exposure to the FST.
Blood samples were collected at 15 and 120 minutes after FST onset. Our laboratory
(Wulsin et al., 2010) and others (Morley-Fletcher et al., 2004; Chaviaras et al., 2010) have
consistently found an anti-depressant-like effect of imipramine in the forced swim test
(FST); consequently, it was used as a positive control in this experiment.

Experiment 2 Effects of GR Antagonists and Imipramine on Neuroendocrine
Responses to Restraint Stress—As in Experiment 2, rats were injected with CORT
108297 (30mg/kg s.c. or 60mg/kg s.c.), mifepristone (10mg/kg s.c.), imipramine (10mg/kg
i.p.) or vehicle for 5 days. On the fifth day animals were injected one hour prior to exposure
to the restraint stress challenge. Animals were gently placed in a well-ventilated Plexiglas
restraint tube for 30 minutes. Blood samples were collected at 0 (pre-stress), 15, 30, 60 and
120 minutes after restraint stress onset. The 60 and 120 minute time points were free-bleed
post-stress measures. As such, the animals had been removed from the restraint tubes and
were placed back into the home cages.
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Forced Swim Test

The FST was used according to methods in (Wulsin et al., 2010). Rats were exposed to the
FST for 10 min during the light phase of the dark cycle (between 0800-1000h). The FST
container was a Plexiglas cylinder 45 cm high and 20 cm in diameter filled with 31 cm of
water (25£2°C). The session was videotaped. Two independent observers unaware of the
treatment conditions completed the behavioral scoring. The following behaviors were
scored: (i) climbing: -rapid movement of limbs in and out of the water with the body parallel
to the cylinder, (ii) diving, (iii) swimming: -moving limbs in an active manner and making
circular movements around the cylinder and (iv) immobility: not making any active
movements or floating in the water without struggling. Each behavior was scored every 5s
and the total counts of each behavior was summed for each animal and averaged within each
treatment group.

Blood Collection

All blood samples (approximately 250ul) were collected into tubes containing 10 pl of
100mM EDTA and were immediately placed on ice. Samples were spun in a refrigerated
centrifuge (4°C, 1500 x g, 15min) and stored at -20°C for subsequent measurement of
plasma adrenocorticotropic hormone (ACTH) and corticosterone.

Radioimmunoassay

Plasma corticosterone concentrations were determined by using 1251 radioimmunoassay
(RIA) kits (MP Biomedicals, Inc., Orangeburg, NY). Plasma ACTH concentrations were
determined by an RIA using a specific antiserum generously donated by Dr. William
Engeland (University of Minnesota, Minneapolis, MN) at a dilution of 1:120,000, with 125]
ACTH (Amersham Biosciences, Piscataway, NJ) as a labeled tracer (Jasper and Engeland,
1991). All samples were run in the same assay and the intra-assay coefficient of variation
was less than 10% for both assays.

Statistical Analyses

Behavioral data were analyzed with one-way ANOVA or two-tailed t-test where applicable.
Hormonal data were analyzed using a two way-repeated measures ANOVA with drug
treatment as the between-subjects factor and time as the within or repeating factor. When
necessary, data that violated Levene's homogeneity of variance were log transformed
followed by the appropriate statistical analyses. The behavioral and hormonal data were
analyzed such that each drug group was compared directly against the vehicle group.
Fischer's LSD post hoc tests were used to compare individual group differences. For all data
p <0.05 denotes statistical significance. In additional to significance testing, when
appropriate, Cohen's d (t-tests) and eta squared (n2) (ANOVA) were calculated to express
effect sizes. The effect size is a standardized value often used in conjunction with
significance testing that represents the magnitude of the difference between or among
groups. The effect size allows one to determine how much the independent variable (i.e.,
treatment) impacts the dependent variable (i.e., immobility or hormones). According to
Cohen's guidelines (1988) Cohen's d of .2=small, .5=medium, and .8=large effect sizes,
respectively. For 2 .01=small, .05=medium, and .14= large effect sizes, respectively.
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Results

Experiment 1: Effects of GR Antagonists and Imipramine on Neuroendocrine and
Behavioral Responses to Forced Swim Test

Effects of CORT 108297 on Neuroendocrine and Behavioral Stress Responses
in the FST—As mentioned in the methods, all drug groups including CORT 108297,
mifepristone and imipramine were compared relative to the vehicle group only. CORT
108297 (30mg/kg and 60 mg/kg) had no impact on circulating ACTH responses to FST
exposure (p>0.05) (Figure 1A). However, there was a main effect of drug (F(2,25)=7.96,
p<0.01, 12=.036), a main effect of time (F(1,50)= 213.43, p<0.01, n2=076) and a drug x
time interaction for plasma corticosterone responses (F(2,50)=7.26, p <0.01, n=.051).
Relative to vehicle treatment, both doses of CORT 108297 decreased corticosterone stress
responses at 15 minutes post FST onset (Figure 1B). The higher dose of CORT 108297
(60mg/kg) decreased immobility in the FST (p<0.05) (Figure 1C). Given that there was only
a significant difference between CORT108297 (60mg/kg) and the vehicle group, we
calculated Cohen's d for these two groups, with d=.95. This finding suggests a large effect
size of CORT 108297 (60mg/kg) on immobility in the forced swim test.

Effects of Mifepristone on Neuroendocrine and Behavioral Stress Responses
in the FST—Mifepristone did not impact circulating concentrations of ACTH in response
to FST exposure (p>0.05) (Figure 2A). There was however a main effect of time
(F(1,34)=48.72, p <0.01, n?=.51) on corticosterone secretion, and a drug x time interaction
(F(1,34)=8.76, p <0.01, n2=.09). At the 120 minute time point, animals treated with
mifepristone had higher corticosterone concentrations relative to the vehicle treated animals
in response to FST (Figure 2B). Mifepristone did not modulate immobility in the FST,
(p>0.05; Figure 2C).

Effects of Imipramine on Neuroendocrine and Behavioral Stress Responses in
the FST—Ouverall, imipramine modulated circulating ACTH concentrations in response to
FST exposure F(1,16)=31.13, p<0.01, n2=20). There was also a main effect of time
(F(1,34)=95.08, p <0.01, n?=.49) and a drug x time interaction (F(1,34)=9.89, p<0.01, n?=.
15). For example, at the 15 minute time point, rats treated with imipramine had lower
circulating ACTH concentrations relative to vehicle treated animals (Figure 3A).

There was a main effect of time (F(1,32)=195.19, p<0.01, 12=81) on plasma corticosterone
responses to the FST, and a drug x time interaction (F(1,32)=9.89, p <0.01, n2=.04). Rats
treated with imipramine had lower corticosterone concentrations at the 15 minute time point
(Figure 3B). Imipramine also attenuated immobility counts in the FST (t(16)=1.9, p<0.05).
Cohen's d=.93, suggesting a large effect size of imipramine on immobility in the FST
(Figure 3C).

Experiment 2: Effects of GR Antagonists and Imipramine on Neuroendocrine Responses
to Restraint Stress

Effects of CORT 108297 on Neuroendocrine Responses to Restraint Stress—
Consistent with the FST data, neither dose of CORT 108297 affected circulating ACTH
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concentrations in response to restraint stress (p>0.05, Figures 4A & 4B). However, there
was a main effect of drug (F(2,25)=5.54, p<0.05, 2=.05) and time (F(4,133)=70.67, p
<0.01, n%=.58) on plasma corticosterone responses, and significant interaction of drug x
treatment (F(8,133)=4.43, p<0.01, ?=.07). At the 15 and 30 minute time points, both doses
of CORT 108297 significantly decreased plasma corticosterone responses relative to vehicle
treatment. CORT 108297 (60mg/kg) also significantly decreased plasma corticosterone
responses at the 15 minute time point relative to CORT 108297 (30mg/kg) (Figure 4C). In
comparison to vehicle-treated animals only, CORT 108297 (60mg/kg) also decreased the
integrated (area under the curve) corticosterone response to restraint stress (p<0.05; Figure
4D). Cohen's d = 1.4, suggesting a very strong effect of CORT 108297 (60mg/kg) on the
integrated corticosterone response to restraint stress.

Effects of Mifepristone on Neuroendocrine Responses to Restraint Stress—
Mifepristone had no effect on circulating plasma ACTH responses to restraint stress
(Figures 5A & 5B). There was however a main effect of time (F(4,88)=53.38 p<0.01, n2=.
67) on plasma corticosterone secretion, and a drug x time interaction (F(4,88)=4.28, p<0.01,
n%=.05). At the 15 minute time point, rats treated with mifepristone had lower plasma
corticosterone concentrations relative to vehicle treated animals. However, at the 120 minute
time point, rats treated with mifepristone had higher corticosterone concentrations,
suggesting an impairment in GR mediated feedback. There was however no difference in the
integrated corticosterone responses to restraint stress between mifepristone vs. vehicle
treated animals (p>0.05; Figures 5C & 5D).

Effects of Imipramine on Neuroendocrine Responses to Restraint Stress—
Imipramine modulated ACTH response to restraint stress. There was a main effect of drug
(F(1,16)=5.23, p<0.05, n/?=.05), a main effect of time (F(4,88)=28.61, p <0.01, n?=.16), and
a drug x time interaction (F(4,88)=4.17, p <0.01, n2=.07). Imipramine decreased plasma
ACTH concentrations at 15 and 30 minutes post restraint, as well as the integrated ACTH
response (Figures 6A & B). For the integrated ACTH response to restraint stress, Cohen's d=
1.05. This finding indicates a very large effect size of imipramine on circulating stress-
induced ACTH concentrations.

Although not fully appreciated by the graph, (Figure 6C) there was a main effect of drug on
corticosterone responses (F(1,16)=4.74, p<0.05, n2=.007), a significant main effect of time
(F(4,88)=57.59, p<0.01, n2=07), but no significant drug x time interaction (p >0.05). There
was no difference between imipramine and vehicle treated rats in the integrated
corticosterone response to restraint stress (Figure 6D). Overall, within the context of the
present study imipramine induced marginal effects on circulating corticosterone responses to
stress.

Discussion

Here we present data demonstrating antidepressant-like actions of CORT 108297 (60mg/
kg), in a behavioral assay of antidepressant efficacy. Both doses of CORT 108297 (30mg/kg
and 60mg/kg) dampened corticosterone responses to FST and restraint stress during earlier
time points (15 min and 30 min), but had no impact on later phases of the stress response.
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Mifepristone mildly attenuated stress responsiveness during earlier time points (i.e., 15 min),
in response to restraint stress, but prolonged corticosterone responses at later time points
(i.e., 120 min) to both restraint and FST exposure. Although both GR antagonists have
similar antidepressant-like properties in the FST (albeit to varying degrees), our data
indicate disparate effects of CORT 108297 and mifepristone on HPA-axis feedback
responses. Overall, the data suggest that antagonizing GR with CORT 108297, at least under
stress-evoking situations, protects the organism from heightened neuroendocrine and
behavioral responsiveness to an acute, novel stressor.

Neuroendocrine Responses

CORT 108297 potently suppressed corticosterone responses to both FST and restraint stress
only during the earlier activational phases of the stress response (i.e., 15 and 30 minutes).
There were no differences in circulating corticosterone concentrations between animals
treated with either dose of CORT 108297 or vehicle at later time points (60 and 120
minutes) during the inactivational phase. Because CORT 108297 did not induce a similar
decrease in ACTH levels, these findings suggest decreased adrenal responsiveness to
ACTH. This purported decreased adrenal responsiveness in animals treated with CORT
108297 likely translated into an overall net decrease in circulating glucocorticoid exposure,
as the integrated response (area under the curve) to restraint stress was significantly lower in
the CORT 108297 (60mg/kg) group compared with vehicle-treated animals. Future studies
will be conducted to test this possibility.

On the other hand, animals treated with mifepristone have a strikingly different negative
feedback profile to both psychogenic stressors. Consistent with our previous findings
(Wulsin et al., 2010), during the initial phase of the stress response, mifepristone modestly
attenuated peak ACTH and corticosterone responses to FST, yet prolonged the
corticosterone responses to FST stress. This same HPA axis profile in mifepristone treated
rats occurs during exposure to the restraint challenge, with an initial decrease in
neuroendocrine stress responses at 15 and 30 minutes, but a protracted secretion of
glucocorticoids later on during the 120 minute time point. These findings suggest a partial
impairment in GR mediated negative feedback in the mifepristone treated animals, an effect
discussed in Belanoff et al., 2001. One consequence of this partial impairment in GR
mediated feedback in the mifepristone treated animals is a delayed recovery from the stress
response. Although mifepristone appears to prolong corticosterone responses to stress, the
initial stress dampening effects of the drug may be mediated in part by decreased central
stress responsiveness. For example, we have previously found that mifepristone decreases
neuronal activation in stress-excitatory areas like the central amygdala, while increasing
neuronal activation in stress-inhibitory areas like the ventral subiculum of the hippocampus
and the medial prefrontal cortex (Wulsin et al., 2010). These data also demonstrate that the
modulatory role of both GR compounds on HPA axis activity is only evident during periods
of central HPA axis stimulation, as there were no effects of CORT 108297 or mifepristone
on basal circulating levels of ACTH and corticosterone. Previous reports indicate increased
basal and stress-induced neuroendocrine responses in animals subjected to GR antagonism
(van Haarst et al., 1996; Bachmann et al., 2003; Spiga et al., 2007) but these differences may
be due to dosage, route of administration and duration of the treatment regimen.
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In accord with previous reports in humans and rodents, imipramine diminished HPA axis
responsiveness to stress. Animals treated with imipramine had an overall lower ACTH
output over time in response to stress. Imipramine decreases HPA axis responsiveness
(Michelson et al., 1997; Frost et al., 2003) and it is likely that the marked decrease in ACTH
in our animals is due to less hypothalamic CRH release in response to psychogenic stress
exposure (Butterweck et al., 2001; Basta-Kaim et al., 2005). Although imipramine markedly
suppressed ACTH responsiveness, it only mildly decreased corticosterone levels. This
finding is similar to a recent study by Pinter and colleagues (2011). Overall, the data
presented here support a stress dampening effect of imipramine, likely at the level of the
brain and pituitary to effectively curtail elevated CRH and ACTH secretion, respectively.

Mechanism of Action of CORT 108297 vs. Mifepristone

Given the remarkably different HPA axis profiles of CORT 108297 and mifepristone on the
later phases of the stress response (i.e., 120 minutes), it appears that these compounds may
interact with different GR mediated factors to differentially regulate HPA axis
responsiveness. Consistent with this notion, a recent paper by Zalachoras and colleagues
(2013) noted that CORT 108297 induces an interaction profile between GR and GR-
mediated downstream factors that is distinct from the classical antagonist mifepristone and
the full GR agonist dexamethasone.

Our findings regarding the CORT 108297 mediated effects on stress induced corticosterone
release are in agreement with the aforementioned study conducted by Zalachoras and
colleagues (2013). The authors report that CORT 108297 (20mg/kg) decreased the
corticosterone response to restraint stress. However, unlike the present study, they report a
significant decrease in stress induced ACTH concentrations with CORT 108297 vs. vehicle.
Differences between the two studies in stress-induced ACTH release in response to CORT
108297 administration may be due to the dosage (20mg/kg vs. 30mg/kg and 60mg/kg),
frequency of administration (once vs. twice daily) and duration of restraint stress exposure
(15 minute vs. 30 minute). The authors also report decreased stress induced CRH in the
PVN in animals treated with CORT 108297. Overall, the findings from the Zalachoras study
indicate a GR agonist-like effect of CORT 108297 on suppression of neuroendocrine
(ACTH and corticosterone) responses and PVN CRH mRNA expression. Of note, the
agonist like properties of CORT 108297 is brain region specific. For example, CORT
108297 attenuates corticosterone-mediated reduction of hippocampal neurogenesis
(suggestive of antagonistic properties) and does not increase central amygdalar CRH mRNA
expression, as does the GR agonist dexamethasone.

There are potentially other factors that should be considered when determining the
differences between the two GR compounds on stress-induced HPA axis function, including
receptor occupancy, binding affinity, and selectivity for other steroid receptors. For
example, it is important to consider the potency of both compounds to occupy GR in distinct
brain areas. Mifepristone binds to GR with a greater affinity than does CORT 108297 (Clark
2008), and thus the difference in binding affinity in discrete HPA axis regulatory sites may
play some role in the marked effects on HPA axis responses to stress (although this remains
to be determined). In addition, whereas CORT 108297 is a non-steroidal GR antagonist with
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no reported activity at the progesterone receptor (PR), mifepristone is a steroidal GR and PR
antagonist. Thus, one cannot rule out a potential additive effect of blocking both GR and PR
on HPA axis responses. Given that progesterone is stress responsive and has stress-relieving
properties in both males and females (Wirth, M., 2011; Purdy et al., 1991, Barbaccia,et al.,
2001, Bitran et al.,1995, Paul & Purdy, 1992), it is tempting to speculate that the difference
between these two compounds on HPA axis responses may be in part attributable to
differential actions on PR.

Behavioral Responses

In the current study we used the modified version of the FST to assess depression-like
behavior and neuroendocrine responses to an acute novel stressor. The data presented here
demonstrate that selective GR antagonists decrease immobility in the FST, suggestive of
anti-depressant actions. CORT 108297 decreased immobility only at the higher dose (60mg/
kg), as there was no significant difference in immobility between animals treated with
CORT 108297 (30mg/kg) and vehicle. Given that both doses of CORT 108297 decreased
circulating corticosterone concentrations in the FST, the results from this study underscore
dissociation between absolute corticosterone concentrations and immobility within this task.
This is particularly worth noting as it is commonly assumed and heavily reported, that
increased glucocorticoid concentrations induce depression-like behavior. At present, we do
not fully understand why both doses of CORT 108297 exerted similar effects on
neuroendocrine stress responses, while only the higher dose significantly decreased
immobility in the FST relative to vehicle. Notably, there was a trend for decreased
immobility in the CORT 108297 (30mg/kg) group relative to the vehicle treated group.
These data suggest additional factors outside of simply corticosterone concentrations drive
the behavioral differences observed in the FST. Clearly, future studies need to evaluate the
effects of CORT 108297 on other depression-related behaviors with the use of different
behavioral assays.

Previously, our laboratory, along with others, reported that mifepristone decreases
immobility within the modified or traditional FST (de Kloet et al., 1988; Aisa et al., 2007,
Aisa et al. 2008; Waulsin et al., 2010). However, this finding is not always reproduced
(Beckley et al., 2011). In the present study, the effect of mifepristone on immobility did not
achieve statistical significance, possibly due to inherent variability in the current study. For
example, our previous study was conducted in singly housed males, whereas the present
study used pair housed males. Given the reported role of housing conditions on stress
responsiveness, we cannot rule out the possibility that this factor could have had a subtle
effect on behavioral stress responses.

Mifepristone is currently being advanced as a treatment option for many neuropsychiatric
conditions associated with HPA axis dysregulation including major depression, psychotic
depression and bipolar disorder (Belanoff et al., 2001; Belanoff et al., 2002; Young et al.,
2004; Howland, 2013). While we observed modest antidepressant-like effects of
mifepristone in the FST, the extent to which these findings can be translated to the clinical
findings is somewhat limited. For example, we examined the ability of mifepristone and
CORT 108297 to mitigate neuroendocrine and behavioral responses to acute stressors such
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as restraint and FST in relatively “normal” animals. However, many of the aforementioned
neuropsychiatric conditions are associated with remarkable and sustained alterations in HPA
axis function. Nonetheless, the data presented here and in our previous findings (Wulsin, et
al., 2010) echo the clinical findings suggesting that systemic treatment with mifepristone, at
least under the context of the present study, exerts anti-depressant and perhaps stress
buffering properties.

Importantly, our positive control (imipramine) was effective in decreasing immobility in the
FST, a finding that validates the sensitivity of our FST procedure and is consistent with
previous findings (Morley-Fletcher et al., 2004; Wulsin et al., 2010; Pinter et al., 2011).

Conclusions

It is not the intention of the present study to suggest that depression is simply due to
dysfunction in GR. Indeed, recent findings by (Vincent et al., 2013) suggest that the story
regarding disruption in central GR signaling and increased depression-like behavior is more
complicated than previously appreciated. However, our data suggest that at least within the
context of the present study, antagonizing GR with CORT 108297 may be an effective
treatment option for altering depressed mood while limiting possible deleterious effects of
excessive or prolonged glucocorticoid secretion. In light of the recent findings by Zalachoras
and colleagues, (2013) reporting that CORT 108297 functions as a selective GR modulator,
this compound may serve as an attractive alternative to classical GR antagonists which may
dampen some of the beneficial effects of GR signaling in the peripheral and central nervous
systems. These data may have important implications for the utility of this drug for other
conditions that are associated with aberrant glucocorticoid activity including depression,
obesity and Alzheimer's disease.

The extent to which the findings with CORT 108297 in the present study translate to rodent
models of depression (i.e., chronic stress or genetic models) also remains to be determined.
Consequently, we are determining the effectiveness of this compound to limit chronic stress-
induced neuroendocrine, brain, and behavioral abnormalities. Overall, the data suggest that
antagonizing GR with CORT 108297, at least under acute stress-evoking situations,
dampens neuroendocrine and behavioral stress responses.
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Figure 1.
Plasma ACTH (A) and corticosterone (B) concentrations in animals treated with CORT

108297 or vehicle in response to a 10 minute FST exposure. Animals treated with CORT
108297 at 30mg/kg and 60mg/kg had significantly lower corticosterone concentrations at 15
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minutes compared to vehicle treated animals. (C) Animals treated with CORT 108297
60mg/kg had significantly less immobility counts in the FST compared with vehicle treated
animals. Data are represented as mean £ SEM., n=8-10 per group. * < 0.05 vs. vehicle
treated groups.
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Figure 2.
Plasma ACTH (A) and corticosterone (B) concentrations in animals treated with

mifepristone or vehicle in response to a 10 minute FST exposure. Animals treated with
mifepristone had significantly higher corticosterone concentrations at 120 minutes compared
to vehicle treated animals. (C) There was no statistically significant difference in immobility
counts between mifepristone and vehicle treated animals, although there was a trend p=
0.07. Data are represented as mean + SEM., n=8-10 per group. * < 0.05 vs. vehicle treated
groups.

Horm Behav. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Solomon et al.

Page 20

140 - Vehicle
120 >N <P Imipramine

ACTH {pgimi

15 120
Time (min)

800

700 - _!i

coo |

o

<400

= —

= T

. -

15 )
Time (min)

Corticosterone (ng/ml)

— Vehicle

35 - _ _
= |Mmipramine

30
25 *

20 -

15

10

5

Mean Counts of Immobility (#)

0

Figure 3.
Plasma ACTH (A) and corticosterone (B) concentrations in animals treated with imipramine

or vehicle in response to a 10 minute FST exposure. Animals treated with imipramine had
significantly lower ACTH and corticosterone concentrations at 15 minutes compared to
vehicle treated animals. (C) Imipramine treated animals had significantly lower immobility
counts in the FST compared with vehicle treated animals. Data are represented as mean *
SEM., n=8-10 per group. * < 0.05 vs. vehicle treated groups.
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(A)Time course of ACTH in response to acute restraint challenge in animals treated with
CORT 108297 or vehicle. (B) Integrated ACTH responses to restraint stress. (C) Time
course of corticosterone responses to restraint stress. At the 15 and 30 minute time points
animals treated with CORT 108297 30mg/kg and 60mg/kg have significantly lower
corticosterone relative to vehicle treated animals. (D) Integrated corticosterone responses to
restraint stress. Animals treated with CORT 108297 60mg/kg had significantly lower
integrated corticosterone response relative to vehicle treated animals. Data are represented
as mean + SEM., n=8-10 per group. * 0.05 vs. vehicle treated groups, $ vs. all other groups.
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Figure 5.
(A) Time course of ACTH in response to acute restraint challenge in animals treated with

mifepristone or vehicle. (B) Integrated ACTH responses to restraint stress. (C) Time course
of corticosterone responses to restraint stress. At the 15 minute time point animals treated
with mifepristone had significantly lower corticosterone responses, but significantly higher
corticosterone in response to restraint stress relative to vehicle treated animals. (D)
Integrated corticosterone responses to restraint stress. Data are represented as mean + SEM.,
n=8-10 per group. * < 0.05 vs. vehicle treated groups.
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Figure 6.
(A) Time course of ACTH in response to acute restraint challenge in animals treated with

imipramine or vehicle. Animals treated with imipramine had significantly lower ACTH at
15 and 30 minute time points relative to vehicle treated animals. (B) Integrated ACTH
response to restraint stress was significantly lower in imipramine treated animals. (C) Time
course of corticosterone responses to restraint stress. (D) Integrated corticosterone responses
to restraint stress. Data are represented as mean + SEM., n=8-10 per group. * < 0.05 vs.
vehicle treated groups.
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