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Abstract
Glucocorticoid regulation of the hypothalamic-pituitary-adrenal (HPA) axis is believed to depend
on multiple actions operative within discrete time domains. However, the underlying cellular and
molecular mechanism for those glucocorticoid actions remain undetermined. Moreover, there is an
absence of in vivo studies examining whether there are multiple glucocorticoid effects on HPA
axis related function within an intermediate feedback time-frame (1–3 h after glucocorticoid
elevation), and whether those effects depend on de novo protein synthesis. We examined in rats
the effects of protein synthesis inhibition on HPA axis response to restraint (15min) after 1 and 3 h
phasic corticosterone (CORT) pretreatment. We measured HPA axis hormones (ACTH and
CORT) and gene expression in the paraventricular nucleus (c-fos and crh genes), as well as gene
expression in the anterior and intermediate pituitary (c-fos and pomc genes). Both CORT
pretreatment intervals produced inhibition of stress-induced ACTH secretion, but no inhibition
was seen in the presence of protein synthesis inhibition. CORT pretreatment produced inhibitory
effects on stress-induced gene expression that varied for each gene depending on the anatomical
site, pretreatment time and protein synthesis dependency. Taken together, the ACTH and gene
expression patterns support the presence of multiple independent glucocorticoid actions initiated
during the intermediate glucocorticoid negative feedback phase. Moreover, we conclude that those
effects are exerted predominantly on the intrinsic anatomical elements of the HPA axis, and some
of those effects depend on CORT induction of the expression of one or more regulatory gene
products.
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Introduction
Based largely on a number of innovative in vitro and in vivo studies conducted in the 1960’s
and 1970’s, the existence and importance of glucocorticoid negative feedback control of the
hypothalamic pituitary adrenal (HPA) axis became established. Most of those studies relied
on indirect measures of hormone levels, and the in vivo studies were typically conducted
under non-physiological conditions (e.g. animals were anesthetized or adrenalectomized). A
model of glucocorticoid negative feedback function emerged from those studies that
featured the hypothesis that glucocorticoids exert multiple cellular effects that vary in their
time course and anatomical site of action. Dallman and Yates (1969) were the first
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researchers to provide clear demonstration that negative feedback actions of glucocorticoids
operate in temporally distinct phases(Dallman and Yates 1969). This emerging model of
glucocorticoid negative feedback function was presented in two seminal review papers by
Dallman and colleagues (Dallman, et al. 1987; Keller-Wood and Dallman 1984). Those
reviews described the empirical basis for three separate phases of glucocorticoid negative
feedback that could be distinguished by time course: 1) fast feedback (< 10 min onset with
short lasting duration of approximately 5–15 min), 2) intermediate feedback (onset between
0.5–2 h and duration of approximately 6–12 h), and 3) slow feedback (onset after constant
glucocorticoid exposure for 12 h or more and duration that may last for days). Those three
phases of feedback are also believed to be separable by mechanism of action. Some
supporting evidence is that fast feedback does not require altered gene transcription and de
novo protein synthesis, whereas intermediate and slow feedback do (Brattin and Portanova
1977; Dayanithi and Antoni 1989; Hinz and Hirschelmann 2000; Keller-Wood and Dallman
1984). Intermediate and slow feedback have been proposed to differ according to whether
glucocorticoids inhibit stimulus-induced hormone secretion (intermediate feedback) or both
hormone secretion and hormone production (slow feedback) (Keller-Wood and Dallman
1984).

Surprisingly, there has been very little advance in the subsequent 25 years in determination
of the underlying molecular mechanisms by which glucocorticoids produce negative
feedback regulation of the HPA axis. For example, it remains undetermined whether each of
those phases of feedback function are operative at both the hypothalamic paraventricular
nucleus (PVN) and anterior pituitary elements of the HPA axis (intrinsic negative feedback).
Glucocorticoid negative feedback also appears to depend on glucocorticoid alteration of
neural input to the PVN (extrinsic negative feedback), however the time-course for that
influence has not been explored. Although the mechanism of slow feedback is believed to be
largely due to glucocorticoid inhibition of corticotrophin releasing hormone (CRH) and
adrenocorticotropin hormone (ACTH) production, the molecular mechanism(s) of
intermediate feedback remain unknown (Keller-Wood and Dallman 1984). Moreover, it
remains to be determined whether intermediate feedback depends on a single or multiple
glucocorticoid effects. The prospect of multiple glucocorticoid effects within the
intermediate feedback time frame has been questioned based on in vitro study of
corticotrophs (Dayanithi and Antoni 1989). There is also an absence of in vivo studies that
clearly illustrate within the same study and experimental conditions the presence of separate
dissociable glucocorticoid intermediate negative feedback effects. In addition, in vivo
studies have not examined whether de novo protein synthesis is required for glucocorticoid
inhibition within the intermediate feedback time frame. Because, intermediate
glucocorticoid inhibitory effects are evident within 1 h after treatment (Ginsberg, et al. 2003;
Ginsberg, et al. 2006), establishing the requirement for de novo protein synthesis is
warranted. Determination of the mechanisms of glucocorticoid negative feedback has
clinical importance. There is considerable evidence for altered negative feedback function
associated with a wide range of clinical disorders (e.g. depression, post traumatic stress
disorder, type II diabetes, chronic fatigue syndrome, fibromyalgia and chronic facial pain)
and associated precursor conditions (e.g. obesity and systemic hypertension) (Bruehl, et al.
2007; Galli, et al. 2009; Jerjes, et al. 2007; Mattsson, et al. 2009; Pariante and Miller 2001;
Wingenfeld, et al. 2007; Wirtz, et al. 2007; Yehuda, et al. 2004).

The goal of this study was to determine whether a phasic increase in corticosterone (CORT)
comparable to a moderate stressor, would produce over the course of several hours (1–3 h)
multiple glucocorticoid negative feedback effects. Specifically, we sought to determine if
separate glucocorticoid effects could be identified by anatomical site of action, time-course
and dependence on de novo protein synthesis. The key strategy that we adopted for these
studies was to not only monitor effects of corticosterone (CORT) on stress-induced HPA
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axis hormone secretion, but also to monitor CORT effects on stress-induced gene
expression. We and others have found that a number of genes are rapidly induced (within 15
min) by acute stress within the cellular elements of the HPA axis (Imaki, et al. 1995; Kovács
and Sawchenko 1996; Pace, et al. 2009). Some of those genes (e.g. c-fos) function as
immediate early genes in a wide range of neuronal and endocrine cell populations. Other
genes (e.g. crh gene and pro-opiomelanocortin, pomc, gene) are rapidly induced within a
restricted population of cells. Rapid induction of the crh and pomc genes in the PVN and
anterior pituitary, respectively, can be observed when measuring levels of their primary
transcript (hnRNA) (Autelitano, et al. 1989; Herman, et al. 1992; O’Connor, et al. 2005).

In this study we examined the effect of CORT pretreatment on stress-induced c-fos, crh and
pomc gene expression, under normal conditions and in the presence of systemic protein
synthesis blockade. Both crh and pomc genes are believed to be direct targets for
glucocorticoid receptor (GR) mediated CORT repression (Dostert and Heinzel 2004). On the
other hand, the c-fos gene appears to not be directly repressed by CORT (Ginsberg et al.
2003; Ginsberg et al. 2006), although its expression can be inhibited by long-term
glucocorticoid treatment (Umemoto, et al. 1997). In previous studies we have found that 1 h
glucocorticoid pretreatment is not sufficient to suppress subsequent restraint-induced c-fos
mRNA in the PVN or anterior pituitary (Ginsberg et al. 2003; Ginsberg et al. 2006). It
appears then that crh, pomc and c-fos gene expression all reflect aspects of recent stress-
induced HPA axis cellular excitation. However, c-fos gene expression may only reflect
glucocorticoid actions as they alter stress-induced intercellular and intracellular signals that
converge on the c-fos gene promoter. Thus, we may be able to determine the influence of
phasic CORT on stress-induced excitatory input to the PVN (i.e. extrinsic feedback) by
examining c-fos mRNA. In contrast, the expression of crh and pomc genes appear to
integrate information about both the direct presence of activated glucocorticoid receptors
(GR) and upstream signaling events.

Materials and Methods
Animals

Young adult male Sprague Dawley rats (270–315 g) were purchased from a commercial
vendor (Harlan Labs, Indianapolis, IA, USA) and were given a 2 week period of acclimation
to the University of Colorado animal facility and housing conditions before experimental
use. The housing room lights were regulated on a 12 hour light/dark cycle (lights on at 0700
h), and room temperature maintained at 22 ± 1 °C. Rats were housed 2 per cage. Food
(Teklad Rodent Diet 8640; Harlan Labs) and tap water were available ad libitum. The
housing and testing area consisted of a procedure area surrounding 4 separate interior home
rooms that were each sound attenuated with independent air supply and exhaust. This
arrangement minimized the extent to which rats while in their home room were exposed to
any extraneous sounds or odors associated with the various procedures on the test day.
Procedures for ethical treatment of animals conformed to the guidelines found in the “Guide
for the Care and Use of Laboratory Animals,” (DHHS Publication No. NIH 80–23, revised
1996 ed.) and all procedures were approved by the University of Colorado Institutional
Animal Care and Use Committee.

Drugs
Protein synthesis inhibitor cycloheximide (CX; 100 mg/ml) was dissolved in sterile 0.9%
saline on the test day. CX was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Corticosterone (CORT; 2.5 mg/ml) was dissolved on the test day in a mixture of 10%
ethanol, 30% propylene glycol, and 60% saline. CORT was purchased from Steraloids
(Newport, RI, USA).
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Experimental procedure
The experiment was comprised of 16 separate treatment groups (2 × 2 × 2 × 2 factorial
between subjects design; n = 6; N = 96 rats). The four treatment factors were: 1) protein
synthesis inhibition (CX or vehicle), 2) CORT pretreatment (CORT or vehicle), 3) time of
CORT pretreatment (1 or 3 h), and 4) stress challenge (restraint or homecage) (Fig. 1). On
the test day rats were injected with CX (100 mg/kg, s.c.) or vehicle 30 min before injection
with CORT (2.5 mg/kg, i.p.) or vehicle. This dose of CX has been reported to not alter in the
PVN stress-induced crh gene expression or activation of the cyclic response element binding
protein (CREB), while effectively blocking 90% of stress-induced Fos protein expression
(Kovács, et al. 1998). This finding indicates that this systemic dose of CX has effective
inhibitory effects within the central nervous system on stress induced protein production
within the PVN. This exogenous CORT treatment procedure produces plasma CORT levels
in rats that closely match the endogenous CORT levels and time-course associated with a
moderate intensity stressor, such as restraint (Pace et al. 2009). After each injection rats
were returned to their home cage and home room. Rats were then challenged 1 h or 3 h later
with stress (15 min restraint) or remained in their home cage. For restraint challenge, rats
were placed in clear plexiglas tubes (23.5 cm in length and 7 cm in diameter; with multiple
air holes) with their tails protruding. The size of the tube restricted lateral, forward and
backward movement, but did not interfere with breathing. Rats were decapitated
immediately after 15 min restraint or at a comparable time after drug pretreatment for the no
stress comparison. Stress challenged rats were restrained in an area adjacent to their home
room, whereas non-stressed rats remained in their home cage and home room until
decapitation. Paired rats were placed into the same stress condition to minimize any
disturbance that may be caused by removing a rat from its cage mate. This ensured that
blood and tissue samples were collected under the same conditions. Trunk blood collection
and brain extraction were rapidly performed after decapitation in an area adjacent to their
home room. Test day procedures occurred between 0800 and 1300 h, and time of day was
counterbalanced across treatment groups. Rats were habituated to both subcutaneous and
intraperitoneal injections by poking rats with the blunt end of a 1 ml syringe (no needle
attached) for 2 min over a 2 day period before testing. Experimentation was divided into two
separate cohorts of rats, n = 3 per treatment group for each cohort, and data were then
pooled for the two cohorts.

ACTH and CORT assays
Trunk blood was collected into EDTA containing vacutainer tubes from Becton-Dickinson
(Franklin Lakes, New Jersey, USA)., placed on wet ice and then centrifuged for 15 min (4
°C). Plasma was then aliquoted into storage microfuge tubes and snap-frozen on dry ice. The
entire procedure was completed within 45 min after blood collection. ACTH (pg/ml) was
determined in duplicate (100 μl plasma) by radioimmunoassay as adapted and described
previously from a single-stage assay protocol (Nicholson, et al. 1984; Pace et al. 2009).
Radio-labeled 125I ACTH was obtained from DiaSorin (Minneapolis, MN, USA). Primary
ACTH antiserum Rb 7 (diluted to a final concentration of 1:30,000) was kindly donated by
Dr. William Engeland (University of Minnesota). Sensitivity for the ACTH assay was
approximately 15 pg/ml. The intra-assay coefficient of variability was 6% and inter-assay
coefficient of variability was 6%.

Measurement of plasma corticosterone (μg/100 ml) was conducted in duplicate using 20μl
of plasma with an enzyme immunoassay kit (Assay Design, Ann Arbor, MI, USA)
according to manufacturer’s instructions. Sensitivity for the CORT assay was approximately
0.13 μg/100mL. The intra-assay coefficient of variability was 4% and inter-assay coefficient
of variability was 6%.
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In situ hybridization histochemistry
Brains and pituitaries were rapidly removed and collected after decapitation and frozen in
chilled isopentane (at temperature held between −30 and −40 °C), and stored at −80°C.
Coronal brain sections (12 μm thick) were collected through the extent of the PVN
approximately 1.80mm posterior to bregma (Paxinos, et al. 1980). Horizontal pituitary
sections (12 μm thick) were collected from the middle portion of the tissue. All tissue was
sectioned on a cryostat (Leica Microsystems, model 1850, Bannockburn, IL, USA). Both
brain and pituitary sections were thaw mounted onto poly-L-lysine coated slides and stored
at −80 °C. For in situ hybridization, tissue was postfixed in buffer solution containing 4%
paraformaldehyde for 1 h, at room temperature and then processed as previously published
(Girotti, et al. 2006). Generation of 35S-UTP labeled cRNA probes for crh hnRNA, cfos
mRNA, and pomc hnRNA were generated from cDNA subclones in transcription vectors
using standard in vitro transcription methodology (Promega, Madison, WI, USA)(Girotti et
al. 2006). Rat c-fos cDNA clone was obtained from Dr. T. Curran, St. Jude Children’s
Research Hospital, Memphis, TN. A portion of rat crh intron was provided courtesy of Dr.
R. T. Thompson, University of Michigan. A portion of rat pomc intron provided courtesy of
Dr. Stanley Watson, University of Michigan. The identity of all cloned DNA was verified by
DNA sequencing (University of Colorado Molecular, Cellular and Developmental Biology
sequencing facility). After the hybridization assay procedure, slides were exposed to x-ray
film (Kodak Biomax MR film): 3 weeks for crh hnRNA, 10 days for cfos mRNA and 12 h
(for intermediate lobe analysis) or 2 days (for anterior lobe analysis) for pomc hnRNA.
Separate in situ hybridization assays were performed for each experimental cohort.

Image Analysis
Semiquantitative analyses were performed on digitized images from x-ray films using the
linear range of the gray values obtained from an acquisition system (Northern Light
lightbox, model B 95; CCD camera, model XC-77, Sony, Tokyo, Japan; image capture with
National Institutes of Health scion Image v1.59 software) as previously described
(Campeau, et al. 2002). Signal pixels of the region of interest were defined as those with a
gray value of 3.5 standard deviation above the mean gray value of background (lateral
hypothalamus or corpus callosum). The PVN region was determined by matching digitized
rat hypothalamic structures with rat brain atlas images. The product of the number of pixels
and the average pixel values above the set background was then computed to give an
integrated mean gray level measure. Between 4–8 brain sections and 6–8 anterior pituitary
sections were used for analysis of each rat for all genes. The data were normalized for each
cohort by expressing relative integrated gray levels as a percent of the average value for the
restraint challenged rats that had received vehicle injections 3 and 3.5 hours earlier.

Statistical Analysis
Statistical analyses were conducted using the SPSS statistical analysis program 10.5 (IL,
Chicago, USA) for Macintosh operating system. In order to minimize heteroscedasticity, the
data were log transformed for inferential statistical analyses. The data were first analyzed by
4-way analysis of variance (ANOVA) in order to determine whether there was a main effect
of CX treatment and interaction between CX and the other treatment factors. Separate 3-way
ANOVAs were then conducted in order to assess the effects of stress, corticosterone, and
pretreatment time within non-CX (vehicle) or CX treated rats. In cases where there was an
overall significant F-test, pairwise comparisons of interest were assessed by Fisher’s least
significant difference test (FLSD), alpha = 0.05. Graphed data depict the non-log
transformed group means ± standard error of the mean.
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Results
Hormone levels

As expected, without CX pretreatment, 15 min of restraint significantly increased plasma
ACTH levels (Stress effect: F1,40 = 7.6, P < 0.01), and this was suppressed by both 1 h and 3
h CORT pretreatment (CORT Pretreatment effect: F1,40 = 11.8, P < 0.01; Fig. 2A). Systemic
pretreatment with CX induced high secretion of ACTH (CX effect: F1,84 = 327.2, P < 0.01;
Fig. 2B) that declined some over the 3.5 h after treatment, but nevertheless remained higher
than levels produced by restraint (CX by Time effect: F1,84 = 17.3, P < 0.01). Neither acute
stress or CORT pretreatment had an effect on the high ACTH levels present after CX
treatment. Thus, CX pretreatment prevented the suppressive effect of 1 h and 3 h CORT
pretreatment on plasma ACTH levels.

In the absence of CX pretreatment, endogenous CORT levels were also significantly
increased by 15 min of restraint (evident in vehicle pretreatment groups; Fig. 3A). CORT
pretreatment 3 h prior to restraint suppressed stress induced endogenous CORT production
(Stress by CORT interaction: F1,40 = 11.28, P < 0.01, followed by FLSD post-hoc test, P <
0.01). We could not determine whether 1 h CORT pretreatment also suppressed endogenous
CORT production because exogenous CORT levels resulting from the 1 h pretreatment
injection had not yet cleared from the systemic blood circulation (see high CORT levels in
no-stress rats 1 h, but not 3 h, after CORT treatment; Fig. 3A). Strikingly, endogenous
CORT (Fig. 3B) production was very low in CX treated rats despite the high levels of
ACTH secretion (CX by CORT interaction: F1,84 = 20.7, P < 0.01; Fig. 2B).

PVN gene expression
Restraint (15 min) significantly induced PVN crh hnRNA (Stress effect: F1,38 = 35.0, P <
0.01; Fig. 4A and C). Treatment with CORT 1 h, but not 3 h prior to restraint suppressed
stress-induced PVN crh hnRNA (Time by CORT interaction: F1,38 = 12.0, P < 0.01; Fig. 4A
and C). Systemic pretreatment with CX increased PVN crh hnRNA levels in all groups,
irrespective of acute stress or CORT treatment condition (CX effect: F1,71 = 59.2, P < 0.01;
Fig. 4B). However, CX pretreatment did not block the suppressive effect of 1 h CORT
pretreatment on crh hnRNA levels (CORT effect: F1,38 = 15.2, P < 0.01, followed by FLSD,
P < 0.01; Fig. 4B and D).

Restraint (15 min) also increased PVN c-fos mRNA (Stress effect: F1,37 = 68.7, P < 0.01;
Fig. 5A and C). In contrast to crh hnRNA, neither 1 h or 3 h CORT pretreatment
significantly suppressed restraint induced PVN c-fos mRNA (Fig. 5A and C). Systemic
pretreatment with CX increased PVN c-fos mRNA levels in all groups, irrespective of acute
stress or CORT treatment condition (CX effect: F1,76 = 342.9, P < 0.01; Fig. 5B and D).

Pituitary pomc gene expression
Restraint (15 min) significantly induced pomc hnRNA in the anterior pituitary (Stress effect:
F1,38 = 12.4, P < 0.01; Fig. 6A and E) and in the intermediate lobe of the pituitary (Stress
effect: F1,34 = 5.7, P < 0.05; Fig. 6C). CORT pretreatment (1 h and 3 h) suppressed both
basal and stress-induced pomc hnRNA levels within the anterior pituitary (CORT effect:
F1,38 = 35.9, P < 0.01; Fig. 6A and E), but had no effect on pomc hnRNA levels within the
intermediate lobe. Systemic CX pretreatment tended to increase basal, but not stress-induced
pomc hnRNA in the anterior pituitary (Fig. 6B and E). CX did not block the suppressive
effects of 1 h CORT pretreatment on basal and stress induced anterior pituitary pomc
hnRNA expression (FLSD, P < 0.01; Fig. 6B, and E), but CX pretreatment blocked the
suppressive effects of 3 h CORT pretreatment on those measures (CORT by Time
interaction for CX pretreated rats: F1,38 = 18.4, P > 0.01; Fig. 6B and E). CX pretreatment
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had no effect on basal or stress-induced pomc hnRNA in the intermediate lobe of the
pituitary, figure 6D.

Pituitary c-fos gene expression
Restraint (15 min) produced a large increase in c-fos mRNA within the anterior pituitary
(Stress effect: F1,34 = 72.6 P < 0.05; Fig. 7A and E) and in the intermediate lobe of the
pituitary (Stress effect: F1,38 = 38.8, P < 0.01). Pretreatment with CORT 3 h, but not 1 h,
prior to restraint suppressed stress-induced anterior pituitary c-fos mRNA levels (CORT by
Time interaction: F1,34 = 8.4, P > 0.05; Fig. 7A and E), but had no effect on c-fos mRNA
levels within the intermediate lobe (Fig. 7C). Systemic pretreatment with CX moderately
increased anterior pituitary c-fos mRNA levels regardless of stress and CORT treatment
(CX effect: F1,70 = 222, P > 0.05, Fig. 7B and E). CX pretreatment blocked the suppressive
effect of 3 h CORT pretreatment on pituitary c-fos mRNA levels (CORT by CX interaction:
F1,70 = 8.4, P > 0.05 Fig. 7B and E). CX pretreatment increased basal but not stress-induced
c-fos mRNA in the intermediate lobe of the pituitary (Stress by CX interaction: F1,70 = 72.8;
Fig. 7D).

Discussion
We examined the HPA axis negative feedback effects evident 1 h or 3 h after a phasic
increase in systemic CORT. Both 1 h and 3 h CORT pretreatment completely suppressed the
ACTH secretion response to subsequent restraint challenge, and in both cases there was no
suppressive effect in the presence of acute protein synthesis inhibition. CORT also
suppressed subsequent stress-induced immediate early gene expression, but the pattern of
suppression varied for each gene (crh, pomc or c-fos) depending on anatomical location
(PVN, anterior pituitary, intermediate pituitary), time interval (1 h or 3 h) and protein
synthesis inhibition.

Stress-induced crh and pomc gene expression in the PVN and anterior pituitary,
respectively, was completely suppressed by 1 h CORT pretreatment. In contrast to the
suppressive effect of 1 h CORT pretreatment on ACTH secretion, suppression of crh and
pomc gene expression occurred even in the presence of protein synthesis inhibition. Our
results support other studies indicating that those two genes are subject to direct inhibitory
control by glucocorticoids, probably acting through GR (Drouin, et al. 1993; Erdmann, et al.
2008; Guardiola-Diaz, et al. 1996; Reichardt, et al. 1998a; Reichardt, et al. 1998b; Reichardt
and Schütz 1998). Glucocorticoid-dependent inhibition of crh and pomc gene expression
likely involves both direct gene repression via activated GR binding of DNA (negative
glucocorticoid response element) and indirect gene repression via activated GR binding with
stimulatory transcription factors (Dostert and Heinzel 2004). The absence of an inhibitory
effect of CORT on pomc gene expression in the intermediate lobe of the pituitary can be
explained by the fact that in adult rats melanotrophs express very little, if any, GR (Ginsberg
et al. 2006; McGimsey, et al. 1991; Ozawa, et al. 1999).

The failure of 3 h CORT pretreatment to suppress subsequent stress-induced PVN crh gene
expression is a novel finding and may be accounted for by the complete clearance of
exogenous CORT that we observed by that point in time. Thus, there likely was no longer
elevated GR activation 3 h after CORT treatment (Freeman and Yamamoto 2001; Meaney,
et al. 1988). A down regulation of GR expression in the brain 3 h after CORT injection is
not a likely alternative explanation for the lack of an inhibitory effect. A previous study
found an absence of changes in GR mRNA or protein expression within this time-frame
after injection with a higher dose of CORT (Herman and Spencer 1998). The apparent tight
coupling of crh gene expression to activated GR levels may allow for glucocorticoid
regulation of PVN crh gene expression to be especially responsive to pulsatile secretion of
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CORT (Lightman, et al. 2008; Stavreva, et al. 2009). The residual effects that we observed
for some other measures 3 h after CORT pretreatment may be a result of CORT alteration of
cellular protein levels that was maintained for several hours. In keeping with that notion, all
of the inhibitory effects that we observed after 3 h CORT pretreatment were absent in the
presence of protein synthesis inhibition. Interestingly, it appears that there was a dual
regulatory influence of CORT on corticotroph pomc gene expression—an immediate protein
synthesis independent repressive effect that was evident within 1 h, and a delayed protein
synthesis dependent inhibitory effect that was evident by 3 h.

In contrast to CORT regulation of crh and pomc gene expression, stress-induced c-fos gene
expression in the PVN was not suppressed by 1 h CORT pretreatment. That result replicates
our previous findings (Ginsberg et al. 2003; Ginsberg et al. 2006) and indicates that CORT
did not inhibit the intercellular and intracellular signals that led to stress-induced c-fos gene
induction in the PVN. The c-fos gene is induced by a wide range of intracellular signal
transduction pathways (Kovács 1998; Nestler, et al. 2001). Consequently, the absence of an
effect of 1 h or 3 h CORT pretreatment on stress-induced c-fos gene expression suggests that
there was a corresponding absence of CORT inhibition of the stress-induced stimulatory
input to the PVN (i.e. absence of extrinsic negative feedback). Both the hippocampus/ventral
subiculum and prefrontal cortex are brain regions that have been implicated as important
sites of extrinsic glucocorticoid negative feedback (Feldman and Weidenfeld 1993; Herman
and Mueller 2006; Jacobson and Sapolsky 1991). However, it remains to be determined
whether manipulation of CORT levels within those brain regions has a short-term (within 3
h) effect on HPA axis activity.

We found in this study that 1 h CORT pretreatment also failed to suppress overall stress-
induced c-fos mRNA in the anterior pituitary. A similar inference as discussed above for c-
fos gene expression in the PVN could be applied to the anterior pituitary. Thus, the data may
indicate that 1 h CORT pretreatment did not inhibit the release of stress-induced ACTH
secretagogues. However, we have recently found that microinfusion of CORT directly in the
PVN is sufficient to inhibit the ACTH and anterior pituitary pomc hnRNA response to
restraint challenge when administered 1 h later (Weiser and Spencer 2009). Most studies
have determined that corticotrophs comprise less than 10% of the endocrine cells in the rat
anterior pituitary (Levy 2002). Consequently, if there was a selective CORT dependent
inhibition of c-fos mRNA within corticotrophs, that inhibition may have been masked by the
absence of a suppressive effect on stress-induced c-fos expression in other cell types.
Lactotrophs are more abundant than corticotrophs and are also stress reactive in the rat
(Freeman, et al. 2000; Takigami, et al. 2008). In contrast to 1 h CORT pretreatment, we
found that 3 h CORT pretreatment suppressed overall stress-induced c-fos gene expression
in the anterior pituitary, possibly indicating a delayed CORT effect that influenced stress
induced activation of lactotrophs and corticotrophs. There is evidence for glucocorticoid
suppression of stress-induced prolactin in the rat, although the time-course of that effect has
not been determined (Taylor, et al. 1995).

It is noteworthy that stress also led to a rapid increase in pomc and c-fos gene expression in
the intermediate lobe of the pituitary, which primarily contains melanotrophs. However,
neither gene induction was affected by 1 h or 3 h CORT pretreatment. As noted above, a
direct inhibitory effect of CORT on gene expression in the intermediate lobe of the pituitary
is not to be expected due to the absence of GR expression. However, our data also suggest
that the stress responsive intercellular signals impinging on melanotrophs were not sensitive
to CORT pretreatment. The dissociation in CORT responsiveness between cells of the
anterior and intermediate pituitary implies either that the observed CORT effects depended
on a direct action of CORT on GR expressing cells (anterior pituitary) or depended on an
indirect effect on stress-altered secretagogues that target the anterior, but not intermediate,
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lobe of the pituitary. The leading candidate secretagogues for melanotrophs are CRH and
decreased dopamine (Lookingland, et al. 1991; Proulx-Ferland, et al. 1982). Both
melanotrophs and lactotrophs are under tonic inhibitory control by dopamine, but there
appear to be separate populations of dopamine neurons that regulate those two cell
populations, allowing for the possibility of differential glucocorticoid dependence
(Goudreau, et al. 1992).

It should be noted when evaluating the results of this study that in contrast to a previous
report using a similar systemic protein synthesis inhibition procedure (Kovács et al. 1998),
we saw signs of strong generalized activation of the HPA axis (gene expression and
hormone levels) after CX treatment. That activation may be due to systemic distress
associated with the physiological consequences of long-term protein synthesis inhibition, as
described by others(Davis and Squire 1984; Rudy 2008). A key procedural difference
between the study by Kovacs and colleagues (Kovács et al. 1998) and our study was the
duration of time after CX pretreatment when measurements were made, i.e. 30 min and 1.5–
3.5 h, respectively. The relatively long CX pretreatment time in our study (1.5 h or 3.5 h)
probably allowed for the toxic effects of CX to fully manifest resulting in the marked HPA
axis increases that we report. Plasma ACTH and gene expression in the PVN (crh hnRNA
and c-fos mRNA) were much higher after protein synthesis inhibition than those seen after
acute restraint. On the other hand, pomc and c-fos gene expression in the anterior pituitary
exhibited only modest increases after protein synthesis inhibition, and there was no overall
change in gene expression in the intermediate lobe. It appears then that the HPA axis related
excitatory effects present after protein synthesis inhibition were primarily due to systemic
stress rather than a generalized direct CX effects on cellular function and gene expression.
Examination of CORT levels 1.5 h after protein synthesis inhibition also indicates that there
was almost complete suppression of endogenous CORT production. Previous studies found
that steroidogenesis is tightly coupled to de novo protein synthesis (Crivello and Jefcoate
1978; Davis and Garren 1968).

Although the apparent generalized systemic stress evident after CX treatment limits the
extent to which we can draw firm conclusions about the protein synthesis dependent nature
of each of the CORT effects that we saw in non-CX treated rats, it does provide some
provisional information. Taken together, the results support that intermediate glucocorticoid
negative feedback of HPA axis hormone secretion is dependent on glucocorticoid alteration
of gene expression. It is not likely, however, that suppression of PVN crh and anterior
pituitary pomc gene expression accounts for the decreased stress-induced ACTH secretion
present 1 h or 3 h after CORT pretreatment (Watts 2005). Decreased ACTH content in
corticotrophs is not observed until more than 6 h after continuous glucocorticoid treatment
(Phillips and Tashjian 1982; Shipston 1995a; Shipston 1995b). Consequently, the inhibitory
effects of CORT on stress-induced HPA axis hormone secretion within the 3 h time frame
appears to be due to induction of a gene and protein product that interferes with the coupling
of cellular excitation with hormone secretion. Although 1 h is a fairly short interval of time
to see a protein synthesis dependent functional effect of glucocorticoids, other studies have
also reported a similar time frame for protein synthesis-dependent glucocorticoid inhibitory
effects on corticotroph function in vitro (Clark and Kemppainen 1994; Dayanithi and Antoni
1989; Tierney, et al. 2003; Woods, et al. 1992). The fact that we saw additional protein
synthesis dependent inhibitory effects present at 3 h that were not present after 1 h suggests
that there may be more than one target gene and cellular mechanism elicited by CORT over
that period of time. There are a number of genes that are regulated by glucocorticoids and
some of them may participate in glucocorticoid negative feedback such as the calmodulin
gene and various phosphatase and potassium-channel genes (Engelbrecht, et al. 2003;
Kassel, et al. 2001; Shipston and Antoni 1992a; Shipston and Antoni 1992b; Yamashita, et
al. 2009). Shipston and colleagues have provided some evidence in corticotrophs for rapid
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glucocorticoid suppression of stimulated ACTH secretion to depend on induction of a
protein that leads to net activation of large conductance Ca++ and voltage dependent K+
channels (BK channels), thereby reducing corticotroph membrane depolarization (Shipston,
et al. 1996; Tian, et al. 2001; Tian, et al. 1998). However, the identity of such a
glucocorticoid induced protein remains elusive (Attarzadeh-Yazdi, et al. 2008).

In summary, our study indicates that within the first 3 h after a phasic increase in CORT,
CORT produces a protein synthesis dependent inhibitory effect on subsequent HPA axis
stress-reactivity that appears to be exerted predominantly on the intrinsic anatomical
elements of the HPA axis. In addition, over the course of 3 h, CORT produces multiple
molecular effects within the intrinsic HPA axis elements that have different onsets and
durations of action. Some of those effects contribute directly to decreased stress-induced
HPA axis hormone secretion during that 3 h period. Other effects, such as inhibition of crh
and pomc gene expression, may have their primary impact on HPA axis function at later
points in time.
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Figure 1.
Test Day timeline for CX and CORT pretreatment of stress challenged rats. Rats were
pretreated with CORT or CORT-vehicle either 3 h or 1 h before restraint challenge. CX or
CX-vehicle treatment was administered 0.5 h before CORT or CORT-vehicle. Restraint
challenged rats were killed (SAC) immediately after 15 min restraint. No stress control rats
were killed at the comparable time-point. n = 6; N = 96 rats.
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Figure 2.
Effects of CORT pretreatment on basal and stress-induced ACTH plasma hormone levels of
non-CX or CX pretreated rats. (A) In the absence of CX pretreatment, restraint significantly
increased plasma ACTH levels and this was suppressed by both 1 h and 3 h CORT
pretreatment. (B) Systemic pretreatment with CX induced high secretion of ACTH that
declined some over the 3.5 h after treatment. CX prevented the suppressive effect of CORT
pretreatment on plasma ACTH levels. *, represents a significant stress effect within same
drug condition and pretreatment time point (p < 0.05, FLSD); +, represents a significant
CORT effect compared to vehicle treated rats within the same pretreatment time and stress
condition (p < 0.05, FLSD); #, represents a significant difference in ACTH secretion
between 1 h and 3 h pretreatments within CX treated rats (p < 0.05, FLSD); R, represents a
significant difference between CX pretreated rats (B) compared to the corresponding non-
CX treated rats (A) (p < 0.05, FLSD).
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Figure 3.
Effects of CORT pretreatment on basal and stress-induced CORT levels of non-CX or CX
pretreated rats. (A) In the absence of CX pretreatment, endogenous CORT levels were
significantly increased by 15 min of restraint (evident in vehicle pretreatment groups).
Exogenous CORT levels cleared from the circulation by 3 h after treatment, at which time it
was evident that stress-induced endogenous CORT was suppressed. (B) Systemic
pretreatment with CX prevented stress-induced production of endogenous CORT, and
appeared to interfer with the rate of clearance of exogenous CORT. *, represents a
significant stress effect within same drug condition and pretreatment time point (p < 0.05,
FLSD); +, represents a significant CORT effect compared to vehicle treated rats within the
same pretreatment time and stress condition (p < 0.05, FLSD); R, represents a significant
difference between CX pretreated rats (B) compared to the corresponding non-CX treated
rats (A) (p < 0.05, FLSD).
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Figure 4.
Effects of CORT pretreatment on basal and stress-induced PVN crh hnRNA levels of non-
CX or CX pretreated rats. (A,B) In the absence of CX pretreatment, restraint significantly
induced PVN crh hnRNA and pretreatment with CORT 1 h, but not 3 h, prior to restraint
suppressed this effect. (C,D) Systemic pretreatment with CX increased PVN crh hnRNA
levels in all groups, but did not block the suppressive effect of 1 h CORT pretreatment on
crh hnRNA levels. Panels B and D show representative autoradiographic images of the
bilateral PVN portion of coronal brain sections from key comparison conditions depicted in
panels A and C, respectively. Values are presented as a percentage of the mean value of the
non-CX pretreated stressed 3 h vehicle rats. *, represents a significant stress effect within
same drug condition and pretreatment time point (p < 0.05, FLSD); +, represents a
significant CORT effect compared to vehicle treated rats within the same pretreatment time
and stress condition (p < 0.05, FLSD); R, represents a significant difference between CX
pretreated rats (C) compared to the corresponding non-CX treated rats (A) (p < 0.05, FLSD).

Osterlund and Spencer Page 18

J Endocrinol. Author manuscript; available in PMC 2012 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Effects of CORT pretreatment on basal and stress-induced PVN cfos mRNA levels of non-
CX or CX pretreated rats. (A,B) In the absence of CX pretreatment, restraint induced PVN
c-fos mRNA, and neither 1 h or 3 h CORT pretreatment suppressed that induction. (C,D)
Systemic pretreatment with CX increased PVN c-fos mRNA levels in all groups,
irrespective of acute stress or CORT treatment condition. Panels B and D show
representative autoradiographic images of the bilateral PVN portion of coronal brain
sections from key comparison conditions depicted in panels A and C, respectively. Values
are presented as a percentage of the mean value of the non-CX pretreated stressed 3 h
vehicle rats. *, represents a significant stress effect within same drug condition and
pretreatment time point (p < 0.05, FLSD); R, represents a significant difference between CX
pretreated rats (C) compared to the corresponding non-CX treated rats (A) (p < 0.05, FLSD).
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Figure 6.
Effects of CORT pretreatment on basal and stress-induced pituitary anterior lobe and
intermediate lobe pomc hnRNA levels of non-CX or CX pretreated rats. (A) In the absence
of CX pretreatment, restraint induced pomc hnRNA in the anterior pituitary. CORT
pretreatment (1 h and 3 h) suppressed both basal and stress-induced pomc hnRNA levels.
(B) Systemic CX pretreatment tended to increase basal, but not stress-induced pomc hnRNA
in the anterior pituitary. CX blocked the suppressive effects of 3 h, but not 1 h CORT
pretreatment on those measures. (C) In the absence of CX pretreatment, restraint induced
pomc hnRNA in the intermediate lobe of the pituitary, and CORT pretreatment had no
effect. (D) CX pretreatment had no significant effect on basal or stress-induced pomc
hnRNA in the intermediate lobe of the pituitary. Panel E shows representative
autoradiographic images of the pituitaries from key comparison conditions depicted in
panels A–D. Values are presented as a percentage of the mean value of the non-CX
pretreated stressed 3 h vehicle rats. *, represents a significant stress effect within same drug
condition and pretreatment time point (p < 0.05, FLSD); +, represents a significant CORT
effect compared to vehicle treated rats within the same pretreatment time and stress
condition (p < 0.05, FLSD); R, represents a significant difference between CX pretreated
rats (B) compared to the corresponding non-CX treated rats (A) (p < 0.05, FLSD).

Osterlund and Spencer Page 20

J Endocrinol. Author manuscript; available in PMC 2012 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Effects of CORT pretreatment on basal and stress-induced pituitary anterior lobe and
intermediate lobe cfos mRNA levels of non-CX or CX pretreated rats. (A) In the absence of
CX pretreatment, restraint produced a large increase in c-fos mRNA within the anterior
pituitary. Pretreatment with CORT 3 h, but not 1 h, suppressed stress-induced anterior
pituitary c-fos mRNA levels. (B) Systemic pretreatment with CX increased basal anterior
pituitary c-fos mRNA levels and blocked the 3 h CORT pretreatment effect. (C) In the
absence of CX pretreatment, restraint induced c-fos mRNA in the intermediate lobe of the
pituitary, and CORT pretreatment had no effect. (D) CX pretreatment increased basal but
not stress-induced c-fos mRNA in the intermediate lobe of the pituitary. Panel E shows
representative autoradiographic images of the pituitaries from key comparison conditions
depicted in panels A–D. Values are presented as a percentage of the mean value of the non-
CX pretreated stressed 3 h vehicle rats. *, represents a significant stress effect within same
drug condition and pretreatment time point (p < 0.05, FLSD); +, represents a significant
CORT effect compared to vehicle treated rats within the same pretreatment time and stress
condition (p < 0.05, FLSD); R, represents a significant difference between CX pretreated
rats (B) compared to the corresponding non-CX treated rats (A) (p < 0.05, FLSD).
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