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Abstract
Although previous studies have examined the extent to which adrenocorticotropic hormone (ACTH)
secretion depends on endogenous glucocorticoid levels, few have examined the parallel
glucocorticoid dependency of gene expression within the corticotropin releasing hormone (CRH)
neuron containing subregion of the hypothalamic paraventricular nucleus (PVN). This study
examined resting and stress-induced expression of three immediate early genes (c-fos, zif268, and
NGFI-B mRNAs) and two phenotypic restricted immediate early genes that code for ACTH
secretagogues (CRH and arginine vasopressin [AVP] hnRNAs) in the PVN of adrenalectomized
(ADX) rats given either 0.9% saline to drink for 5 days or saline with corticosterone (CORT; 25 µg/
ml). CORT-containing saline was replaced with saline 18 h before testing to ensure clearance of
CORT at the time of testing. Dependent measures were examined 0, 15, 30, 60, or 120 min after 30
min restraint. Compared to sham surgery, ADX produced a large upregulation of basal ACTH
secretion but only a trend for an increase in basal PVN CRH and parvocellular (mp) PVN AVP
hnRNA expression, and a marked augmentation of restraint-induced ACTH secretion and the
expression of all five genes examined. CORT containing saline partially normalized basal and
restraint-induced ACTH secretion and restraint-induced AVP hnRNA, c-fos mRNA, and zif268
mRNA in the PVN in ADX rats. In contrast, expression patterns of restraint-induced PVN CRH
hnRNA and NGFI-B mRNA were not different between ADX rats with or without CORT
replacement. Given that there was no circulating CORT present at the time of restraint challenge in
either group of ADX rats, the differential impact of CORT replacement on restraint-induced PVN
gene expression must reflect differential dependency of the expression of these genes in the PVN on
the prior presence of CORT.
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Introduction
Circulating glucocorticoids modify hypothalamicpituitary adrenal (HPA) axis function by
acting directly on cellular components of the HPA axis (i.e. corticotrophs within the pituitary
and hypophysiotropic corticotropin releasing hormone [CRH] neurons of the paraventricular
nucleus of the hypothalamus [PVN]). Glucocorticoids may also indirectly affect HPA axis
activity by altering the activity of brain regions that provide afferents to the PVN (Bradbury
et al. 1991; de Kloet et al. 1998), as well as by altering inflammatory signals and peripheral
metabolic-related signals that impact on HPA axis activity (Turnbull and Rivier 1999; Laugero
2004). These different glucocorticoid actions ultimately limit output of the HPA axis (Dallman
et al. 1987). This negative feedback influence has been most extensively studied by examining
the effect of various glucocorticoid manipulations on basal and stress-induced plasma
adrenocorticotropic hormone (ACTH) levels in rats (Keller-Wood and Dallman 1984; Akana
et al. 1988; Jacobson et al. 1989; Jacobson and Sapolsky 1993; Andres et al. 1999; Tanimura
and Watts 2000).

From a physiological standpoint, a useful distinction can be made between the permissive (or
proactive) and stimulatory/inhibitory (or reactive) effects of glucocorticoids on physiology
(de Kloet et al. 1998; Sapolsky et al. 2000). This distinction may also reflect different
mechanistic actions of glucocorticoids. A permissive influence is generally attributed to the
effects that the presence of basal levels of glucocorticoids in the system have on physiological
measures, such as ACTH secretion (Sapolsky et al. 2000). Permissive effects may be due to
both the prior as well as the more immediate presence of basal levels of glucocorticoids.
Reactive glucocorticoid effects have been attributed to the effects that a recent phasic increase
in glucocorticoids produce on physiological measures (de Kloet et al. 1998). An example of
reactive glucocorticoid effects is the influence that a phasic rise in glucocorticoid level during
acute stress may have on the magnitude and duration of that ongoing acute stress response,
including effects on stress-induced ACTH secretion. Dallman’s group have examined in detail
the nature of the inhibitory influence of glucocorticoids on ACTH secretion and they found
evidence for both permissive and reactive glucocorticoid effects (Dallman et al. 1987; Jacobson
et al. 1988; Bradbury et al. 1991; Jacobson and Sapolsky 1993). Normal basal ACTH secretion
appears to depend solely on permissive glucocorticoid effects (Akana et al. 1986).
Interestingly, much of the hyper-responsiveness of ACTH secretion with acute stress present
in adrenalectomized (ADX) rats appears also to be the result of the absence of permissive
glucocorticoid effects. Moreover, there appear to be multiple components to this permissive
influence. Maintenance of low constant levels of corticosterone (CORT) in ADX rats (via
implantation of slow release CORT pellets) is sufficient to normalize to a large extent stress-
induced ACTH secretion. However, the normal quite rapid shut-off of the ACTH response to
a temporally punctuated stressor appears compromised (Akana et al. 1988). In contrast, giving
ADX rats a replacement regimen of CORT in the drinking water, which maintains a circadian
varying pattern of CORT exposure (Jacobson et al. 1988; Jacobson et al. 1989; Sutton et al.
1994), is sufficient to normalize basal ACTH levels and the shut-off rate of stress-induced
ACTH secretion; although the absolute stress-induced secretion levels remain elevated
(Jacobson et al. 1988).

The studies described above, however, did not determine the extent to which permissive
glucocorticoid effects on basal and stress-induced ACTH secretion are a result of a direct effect
of glucocorticoids on corticotrophs, or reflect more central actions that impact on ACTH
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secretagogue patterns. Some support for the latter possibility is provided by studies finding
that long-term ADX also produces increases in basal and/or stress-induced CRH and arginine
vasopressin (AVP) gene expression in the PVN (Swanson and Simmons 1989; Imaki et al.
1995; Tanimura and Watts 1998; Ma and Aguilera 1999; Kovacs et al. 2000). Kovacs et al.
(2000) examined the extent to which constant CORT levels normalize CRH and AVP hnRNA
responses to acute stress. They found that constant exposure to a physiologically low basal
CORT level constrains the basal and stress-induced levels of CRH hnRNA and AVP hnRNA,
whereas higher tonic levels of CORT completely suppress the acute stress response. However,
with constant CORT replacement it is not possible to determine the extent to which basal and
stress-reactive gene expression is maintained by the presence of glucocorticoids during stress,
or if this gene expression is dependent on some residual effect of the prior presence of
glucocorticoids.

The present study was designed after considering the above. This study investigated the
permissive effects of glucocorticoids on both ACTH levels and concurrent neuronal activity
within the PVN, with the goal of eventually determining the extent to which the two are
coupled. As a measure of neuronal activity, we examined the expression of five genes that are
each rapidly induced within the PVN by acute stress (Imaki et al. 1996; Kovacs and Sawchenko
1996; Umemoto et al. 1997). Two of these genes (CRH and AVP genes) encode precursor
proteins for the principal neurohormones that control ACTH secretion. The other three genes
examined (c-fos, zif268, and NGFI-B genes) function as immediate early genes in a wide range
of neuronal populations and encode proteins that serve as inducible transcription factors
(Herdegen and Leah 1998). Since every gene has a unique configuration of associated enhancer
and repressor elements, it is likely that the expression of each of these five genes somewhat
specifically reports on the recent activity of intracellular signaling pathways within the PVN.
Moreover, each gene may be differentially responsive to the intracellular presence of
glucocorticoids. For example, functional negative glucocorticoid response elements have been
described for the CRH and AVP genes, but not for the three immediate early genes (Herdegen
and Leah 1998; Malkoski and Dorin 1999; Kim et al. 2001; Dostert and Heinzel 2004).

To investigate permissive glucocorticoid effects, we examined rats for 5 days after ADX with
or without a CORT replacement regimen that approximates basal CORT circadian patterns.
For the CORT replacement condition, ADX rats were given saline to drink that contained a
low dose of CORT (Jacobson et al. 1988). We removed the CORT-containing saline
approximately 18 h before acute restraint challenge in order to ensure that there was no
circulating CORT, and thus no immediate glucocorticoid effects exerted at the time of stress
challenge. This is a time-frame of “stress-less” glucocorticoid removal that begins to result in
an upregulation of basal ACTH secretion (Jacobson et al. 1989).

Our working hypothesis was that permissive glucocorticoid effects on ACTH secretion reflect
not only a direct glucocorticoid action at the level of the corticotroph, but also effects on PVN
CRH neuron activity. We therefore expected to see some parallel changes in basal and stress-
induced plasma ACTH levels and PVN gene expression with long-term ADX with or without
CORT replacement. Further interest was determination of the extent to which the expression
of the five genes examined exhibit parallel changes within the PVN under our experimental
conditions. Differential gene expression responses may be indicative of selective
glucocorticoid effects on stress-responsive neural afferents to the PVN, the coupling of gene
expression to neural afferent activity, or direct modulation of gene expression.
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Methods
Subjects

Adult male Sprague Dawley rats (Harlan Labs, Indianapolis, IA, USA) weighing between 280
and 330 g were pair housed in polycarbonate tubs (47 cm × 23 cm × 20 cm) with access to
food and drinking fluid ad libitum. Rats were allowed a 2-week acclimation period after arrival
and before surgery or testing. The colony room was maintained on a 12 h light/dark cycle
(lights on at 0700 h), and the temperature was maintained at 20–24°C. All testing began within
2–3.5 h after lights on. Care and use of animals were in accordance with ethical procedures
approved by the University of Colorado Institutional Animal Care and Use Committee, and
followed the National Institutes of Health Guide for Care and Use of Laboratory Animals.

Restraint stressor challenge
Rats were placed in clear Plexiglas containers (23.5 cm long, 7 cm diameter) for various
durations before tissue and blood collection. Restrainers prevented subjects from turning
around, but allowed for regular breathing.

Tissue and blood collection
Rats were killed without anesthesia because anesthetics can rapidly activate the HPA axis
which would confound the brain gene expression measures of this study (Vahl et al. 2005).
Trunk blood was collected into EDTA coated tubes, and plasma separated by centrifugation,
and brains were rapidly excised and flash frozen in chilled (−30°C) isopentane. Plasma and
brains were then stored at −80°C until radioimmunoassay, sectioning, or in situ hybridization.
The thymus gland was excised and weighed immediately after decapitation.

Experimental procedure
Five days prior to testing, surgical procedures were performed that resulted in three different
glucocorticoid status groups. One-third of all rats in the study underwent sham surgery (Sham)
under general anesthesia with xylazine (10 mg/kg) and ketamine (50 mg/kg) administered by
intraperitoneal injection, during which time the adrenal glands were visually identified but not
excised. The remaining rats in the study underwent bilateral ADX via two dorsal lateral
incisions with the same anesthetic. After surgery, ADX rats were treated in one of two ways:
they either had free access to 0.9% saline to drink (ADX), or they had free access to 0.9%
saline plus CORT (ADX + Bw). For the latter group, 25 µg/ml CORT (Steraloids Inc., Wilton,
NH, USA) was first dissolved in absolute ethanol, and then diluted into saline to give a final
ethanol concentration of 0.1%. Saline-containing CORT was then withdrawn approximately
18 h before testing and replaced with regular saline (bottle switch at 1600 h) in order to ensure
complete clearance of CORT in these rats at the time of restraint challenge.

Five days after surgery, subjects underwent 1 of 5 possible test day restraint duration
challenges. Three of the five groups of rats were exposed to restraint for 15, 30, or 60 min,
after which time they were rapidly decapitated for collection of samples. The fourth group of
rats was taken directly from their home cages and killed. The fifth group of rats (recovery
group) was challenged with restraint for 1 h and then returned to the homecages. After 1 h in
their homecages, rats in this fifth group were killed. The experiment was a fully factorial 3 ×
5 design (CORT status × test day challenge; n = 5, N = 75).

Radioimmunoassays
Diluted plasma samples (20 µl plasma to 1 ml with 0.01 M phosphate buffered saline) were
first heat inactivated (1 h at 70°C). Both diluted samples and standards (25–2000 pg/tube) were
then incubated overnight with CORT antibody (Endocrine Sciences B3–163, Calabas Hills,
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CA, USA) and 3H-CORT (Amersham, Arlington Heights, IL, USA). Antibody-bound steroid
was separated from free steroid by dextran-coated activated charcoal and centrifugation.
Supernatant radioactivity was determined by a liquid scintillation analyzer (Packard
Instruments 1600TR, Meriden, CT, USA). The detection limit was 0.5 µg/100ml, and the
variability within the assay was 7%.

ACTH was measured with basic methods previously described (Nicholson et al. 1984). Briefly,
all procedures of the ACTH radioimmunoassay were conducted at 4°C, unless otherwise noted.
Plasma (125 µl) was first diluted 1:1 with 0.01 M phosphate buffered saline (pH 7.4). The
primary ACTH antiserum Rb7 (courtesy of Dr Bill Engeland, Univ. of Minnesota) and 125I
ACTH (Diasorin, Inc., Stillwater, MN, USA) were then added to the diluted plasma and
hACTH standard curve tubes (7.5–100 pg/ml). Assay tubes were then incubated overnight.
The next day, normal rabbit serum (Vector Labs, Burlingame, CA, USA) and goat anti-rabbit
gamma globulin (Calbiochem, La Jolla, CA, USA) were added to the assay tubes, which were
then incubated for 30 min at room temperature. Subsequently, 5% polyethylene glycol solution
was added to the assay tubes immediately before centrifugation at 4000g at 4°C. Supernatant
was then drawn off by aspiration and discarded. Radioactivity in the pellets in the assay tubes
was measured with a gamma counter. The detection limit of the assay was 10 pg/ml, and the
variability within the assay was 9%.

In situ hybridization and image analysis
Gene expression within the PVN was measured with in situ hybridization (Girotti et al.
2006). Rapid stress-induced increases in CRH and AVP gene expression are readily detected
by monitoring the short-lived primary transcript (hnRNA) for these genes (Herman et al.
1991,1992). Coronal tissue sections (thickness 10 µM) were first cut on a cryostat and mounted
onto poly-L-lysine coated slides, and were then post-fixed with 4% paraformaldehyde. Slides
were then acetylated for 10 min with 0.1 M triethanolamine (pH 8) containing 0.25% acetic
anhydride, and dehydrated with increasing graded ethyl alcohol concentrations and air-
dried. 35S-UTP (c-fos, zif268, andNGFI-B) or 35S-UTP/35S-CTP (AVP and CRH) labeled
cRNA probes were generated for CRH hnRNA, AVP hnRNA, c-fos mRNA, zif268 mRNA,
and NGFI-B mRNAs from cDNA subclones in transcription vectors using standard in vitro
transcription methods (Girotti et al. 2006). CRH hnRNA cDNA was kindly provided by Dr
Robert Thompson (Univ. of Michigan), AVP hnRNA cDNA was kindly provided by Dr
Thomas G. Sherman (Georgetown Univ. Medical Ctr), c-fos mRNA cDNA was kindly
provided by Dr Tom Curran (St Jude’s Children’s Research Hospital, Memphis, TN, USA)
and zif268 mRNA cDNA was kindly provided by Dr J. Milbrandt (Washington University
School of Medicine, St Louis). The NGFI-B plasmid harboring a 839 base pair fragment
spanning nucleotides 188–1027 of the mature mRNA (Genebank acc. #NM_024388) was
generated in house. Briefly, total RNA from rat hippocampus was isolated using the SV. Total
RNA extraction system (Promega, Fitchburg, WI, USA) and first strand cDNA was produced
using SuperScript II Reverse Transcriptase reagents (Invitrogen, Carlsbad, CA, USA).
Following PCR with NGFI-B specific oligonucleotides, the amplified product was cloned into
pCRII-TOPO vector(Invitrogen) according to the manufacturer’s instructions. The identity of
the cloned DNA was verified by DNA sequencing (University of Colorado Molecular, Cellular
and Developmental Biology sequencing facility).

Probes were diluted into hybridization buffer (50% formamide, 10% dextran sulfate, 3 × SSC,
50 mM sodium phosphate buffer [pH 7.4], 1 × Denhardt’s solution, and 0.1 mg/ml yeast tRNA)
to yield approximately 1.5 × 106 dpm/30 µl buffer, and applied to coronal tissue sections (65
µl/slide). Sections were then incubated overnight at 55°C in sealed chambers containing a 50%
formamide solution in the base. The next day coverslips were floated off the slides, sections
were treated with RNase at 37°C for 1 h, then subjected to a stringent high temperature (65°
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C) wash for 1 h before being dehydrated with increasing concentrations of ethyl alcohol
followed by air drying. Sections were then exposed to X-ray film (Kodak XAR, X-ray film
Eastman Kodak Company, Rochester, NY, USA) for a proper exposure time, as determined
by quality control slides exposed to smaller test pieces of X-ray film. After exposure to X-ray
film, slides treated with a probe for AVP hnRNA were dipped in photographic emulsion
(Amersham LM-1) and allowed to expose for an appropriate period of time determined by test
slides (20–40 days). Afterward, sections were developed (Kodak D-19 developer Eastman
Kodak Company) and counterstained with cresyl violet for purposes of anatomical verification.
Sections treated with one of the other probes were also counterstained with cresyl violet after
exposure to X-ray film to assist with anatomical verification of the PVN location in the
autoradiograms.

Brain sections chosen for analysis were located approximately 1.8 mm posterior to bregma and
matched the general appearance of PVN topology illustrated in the rat brain atlas of Swanson
(2004). Semiquantitative densiometric analysis of digitized X-ray film images was performed
with NIH Image software. For analysis of autoradiograms, pixels within the region of interest
defined as positive signal were 3.5 × standard deviation gray level units above representative
background, which was set by an area adjacent to the region of interest that contained no signal.
Integrated gray level for one PVN section was then computed from the product of the number
of pixels comprising the positive signal and their average gray level within the region of
interest. Overall integrated gray level for an individual rat was determined from the average
integrated gray levels from four PVN sections (Campeau and Watson 1997). Quantitation of
AVP hnRNA from emulsion dipped slides began with digitizing a given region of interest in
both light field and dark field magnification, followed by separate quantitation of single clusters
of grains (>5 pixels) within the parvocellular zone (defined as extending laterally from the
third ventricle by 350 µm) and the magnocellular zone (lateral to the 350 µm point). The use
of 350 µm as a dividing line between primarily parvocellular and magnocellular subdivisions
of the PVN was determined empirically in a pilot study comparing the medial to lateral
distribution of AVP hnRNA positive cells in the PVN rats restrained for 1 h or unstressed. This
division corresponds well to the lateral extent of the medial parvocellular dorsal subdivision
of the PVN at this rostral-caudal level of the rat brain (Swanson 2004). Density of positive
cells for each rat was then computed as the average of three different serial PVN sections.
Within each section, cell density was computed as the number of positive cell nuclei divided
by the total square pixel area of the region of interest.

Statistics
Data were analyzed with a two-way ANOVA for independent measures (duration of restraint
challenge × glucocorticoid status group), unless indicated otherwise. Post hoc comparisons
were made with Fisher’s least significant difference test (FLSD). The level of statistical
significance was set at p ≤ 0.05 for all tests, and a statistical analysis computer application was
used (StatView v4.51 for Macintosh, Abacus Concepts, Berkeley, CA, USA). In order to
determine for each dependent variable the approximate time of peak response to acute restraint
we adopted the following criteria: the peak response was considered to be at the first time-
point post-restraint onset where the value was significantly greater than the basal level (time
0) and not significantly less than the value at the subsequent time-point for that particular
glucocorticoid status treatment group. Data presented in graphs are group means ± SEM.

Results
Plasma hormone concentrations

Across the three glucocorticoid status groups there was a significant increase in plasma ACTH
concentration as a result of restraint challenge, F(4, 62) = 20.8, p < 0.001 (Figure 1(A)). ACTH
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concentrations depended upon glucocorticoid status before testing, regardless of the duration
of restraint challenge, F(2, 62) = 119.01, p < 0.001. It is noteworthy that the timing of the peak
plasma ACTH response to restraint challenge differed as a function of basal glucocorticoid
status before testing, as reflected in a significant duration of restraint challenge by
glucocorticoid status group interaction (F[8, 62] = 7.6, p < 0.001). Post hoc analysis indicated
that basal (no stress) plasma ACTH concentrations differed among the three glucocorticoid
status groups. ADX rats had the highest basal ACTH levels, which were partially normalized
by treatment with CORT in the drinking water. The same pattern of relative differences for the
three glucocorticoid status groups continued throughout the restraint time-course. However,
ADX rats displayed a prominent peak of maximal plasma ACTH response after just 15 min of
restraint, while ADX + Bw or sham rats reached peak levels of plasma ACTH after 30 min of
restraint challenge. Adrenalectomized rats ± CORT replacement did not have detectable levels
of circulating CORT at the time they were killed (Figure 1(B)).

Thymus gland
Mean (SEM) thymus gland weights by group were as follows: sham, 382.5 mg (13.0 mg);
ADX + Bw, 411.8 mg (16.5 mg); and ADX, 485.6 mg (18.0 mg). Thymus gland weight
depended upon glucocorticoid status group as determined by one-way ANOVA for
independent measures, F(2, 74) = 11.20, p < 0.001. Post hoc analysis indicated that the only
pairwise group difference that was statistically significant was between ADX and sham rats.

PVN CRH hnRNA
Representative autoradiograms of CRH hnRNA in the PVN across treatment groups are
depicted in Figure 2(A). The overall amount of CRH hnRNA expression depended upon
circulating glucocorticoid status before restraint challenge, F(2, 60) = 5.8, p < 0.001 (Figure
2(B)). Challenge with restraint also resulted in an overall increase in expression of CRH
hnRNA regardless of glucocorticoid status group, F(4, 60) = 14.4, p < 0.001. Post hoc analysis
indicated that there were strong trends for ADX rats (p = 0.07) and ADX + Bw rats (p = 0.06)
to have higher basal (no stress) levels of CRH hnRNA expression than the sham group.
Regardless of glucocorticoid status, maximal expression of CRH hnRNA occurred after 15
min of restraint and the expression levels returned to near basal levels within 30 min after
restraint onset. In addition, ADX + Bw rats had significantly greater CRH hnRNA expression
than the sham group after 15 min of restraint. A similar trend of augmented CRH hnRNA after
15 min of restraint for ADX rats compared to sham rats was evident.

PVN AVP hnRNA
Representative darkfield photomicrographs of AVP hnRNA in the PVN across treatment
groups are depicted in Figure 3(A). Overall, mpPVN (parvocellular subdivision) AVP hnRNA
expression depended upon glucocorticoid status, F(2, 60) = 20.8, p < 0.001 (Figure 3(B)).
Challenge with restraint also increased expression of AVP hnRNA in the mpPVN, irrespective
of glucocorticoid status group, F(4, 60) = 6.4, p < 0.001. ADX rats exhibited a rapid stress-
induced rise in AVP hnRNA expression that reached peak levels after 30 min of restraint. ADX
+ Bw rats also exhibited a large stress-induced increase in AVP hnRNA, however, they did
not attain peak levels of expression until 60 min after stress onset. In sham-treated rats there
was a small increase in AVP hnRNA levels at all post-stress time-points, but this increase was
not statistically significant. Post hoc analysis indicated that ADX rats had significantly greater
AVP hnRNA expression levels after 30 min of restraint compared to sham and ADX + Bw
rats. In addition, ADX + Bw rats did not differ from sham rats 1 h after restraint had ended,
while ADX rats had significantly higher levels than the other two groups at this time. In contrast
to the mpPVN, there were no significant main effects of glucocorticoid status group or duration
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of restraint challenge on pmPVN (magnocellular subdivision) AVP hnRNA expression (Figure
3(C)).

PVN c-fos mRNA
Representative autoradiograms of c-fos mRNA in the PVN across treatment groups are
depicted in Figure 4(A). Overall, c-fos mRNA expression in the PVN depended upon
glucocorticoid status group, F(2,61) = 3.9, p < 0.05 (Figure 4(B)). The overall expression of
c-fos mRNA in the PVN also varied as a function of duration of restraint challenge, F(4,61) =
12.7, p < 0.001. Post hoc analysis indicated that basal expression of c-fos mRNA in the PVN
did not differ between sham rats, ADX rats or ADX + Bw rats. Challenge with restraint revealed
important differences in c-fos expression between the three groups. In particular, after 15 min
of restraint, ADX rats had greater PVN c-fos mRNA expression than sham rats and ADX +
Bw rats. ADX rats reached near maximal PVN c-fos mRNA expression after only 15 min of
restraint, while sham rats and ADX + Bw rats required 30 min of restraint challenge to reach
maximum c-fos mRNA expression.

PVN zif268 mRNA
Representative autoradiograms of zif268 mRNA in the PVN across treatment groups are
depicted in Figure 5(A). The overall amount of zif268 mRNA expression depended upon the
glucocorticoid status group, F(2, 58) = 4.9, p < 0.05 (Figure 5(B)). Challenge with restraint
also resulted in an overall increase in expression of zif268 mRNA regardless of glucocorticoid
status group, F(4, 58) = 28.7, p < 0.001. There was no trend for ADX with or without CORT
replacement to lead to an increase in basal zif268 mRNA expression. However, there was an
enhanced level of stress-induced zif268 mRNA expression in ADX rats (significant 15 min
after restraint) or ADX + Bw rats (significant 30 min after restraint) compared to sham rats.
ADX rats reached near peak zif268 mRNA levels within 15 min after restraint onset, whereas
ADX + Bw rats and sham rats reached peak levels after 30 min.

PVN NGFI-B mRNA
Representative autoradiograms of NGFI-B mRNA in the PVN across treatment groups are
depicted in Figure 6(A). The overall amount of NGFI-B mRNA expression depended upon
circulating glucocorticoid status group, F(2, 59) = 9.7, p < 0.001 (Figure 6(B)). Challenge with
restraint also resulted in an overall increase in expression of NGFI-B mRNA regardless of
glucocorticoid status group, F(4, 59) = 27.5, p < 0.001. There was no trend for ADX with or
without CORT replacement to lead to an increase in basal NGFI-B mRNA expression.
However, stress-induced levels of NGFI-B mRNA were greater in ADX rats (significant 15,
30 and 60 min after restraint) or ADX + Bw rats (significant 15 and 30 min after restraint)
compared to sham rats. In all glucocorticoid status treatment groups, peak levels of NGFI-B
mRNA were attained 30 min after restraint onset and did not return to basal levels until 1 h
after the cessation of restraint.

Discussion
The main goal of our study was to investigate the degree to which normal patterns of restraint-
induced plasma ACTH and PVN gene expression depend on the effects of glucocorticoids
exerted in the time period before, but not during, restraint challenge (i.e. permissive
glucocorticoid effects). We directly compared the consequence of the long-term absence (5-
day ADX) or shorter absence (18 h withdrawal of CORT drinking water from ADX rats) on
basal and acute stress-induced measures. We found that the expression of certain stress-reactive
genes, but not others, as well as plasma levels of ACTH were partially normalized by giving
ADX rats this CORT replacement regimen. Although previous studies have examined the
effect of ADX on stress-induced CRH hnRNA, AVP hnRNA and c-fos mRNA expression in
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the PVN (Imaki et al. 1995; Helmreich et al. 1996; Tanimura and Watts 1998; Ma et al.
1999; Kovacs et al. 2000; Tanimura and Watts 2000), we report here also the effect of ADX
on basal and stress-induced zif268 mRNA and NGFI-B mRNA in the PVN. In addition, this
is the first study to examine whether treatment of ADX rats with CORT in the drinking water
moderates the effect of ADX on basal and stress-induced expression of each of these five genes
within the PVN.

Long-term ADX not only produced a marked elevation of basal ACTH secretion, but also
produced a trend for an elevation within the PVN in basal levels of expression of the
neurohormone (CRH and AVP) encoding genes. Others have reported increased expression of
both CRH and AVP genes after ADX, either at the level of primary transcript (Jingami et al.
1985; Tanimura and Watts 1998; Kovacs et al. 2000) or mature message (Beyer et al. 1988;
Imaki et al. 1991; Tanimura and Watts 1998). In cases where basal expression of both genes
was increased, expression was normalized by constant CORT replacement (Makino et al.
1995; Kovacs et al. 2000; Pinnock and Herbert 2001) or treatment with dexamethasone, a
synthetic glucocorticoid selective for the glucocorticoid receptor (Jingami et al. 1985; Beyer
et al. 1988; Imaki et al. 1991). Whether increased neurohormone gene transcription in ADX
rats translates directly into increased basal and stress-induced neurohormone secretion remains
to be determined (Watts 2005).

In this study, there was no trend for ADX to produce an increase in the PVN of the basal
expression of the three immediate early genes examined, c-fos, zif268, or NGFI-B. This is
consistent with previous reports finding no change in basal PVN c-fos mRNA or Fos protein
in ADX rats (Helmreich et al. 1996; Brown and Sawchenko 1997; Kovacs et al. 2000; Fevurly
and Spencer 2004). PVN c-fos expression may be a good indicator of overall excitatory neural
input to the PVN (Ginsberg et al. 2003). The lack of a basal increase after ADX in expression
of the three immediate early genes suggests that PVN neurons receive the same amount of
basal excitatory input from neural sites outside the PVN when circulating glucocorticoids are
absent. As discussed in the Introduction, numerous studies have shown that ACTH output from
corticotrophs is controlled by glucocorticoids (Akana et al. 1986) and ACTH output from these
cells increases dramatically in ADX rats. The lack of an increase of basal PVN immediate early
gene expression combined with a dramatic rise in basal ACTH suggests that alterations in basal
levels of ACTH seen here were likely the result of increased intrinsic corticotroph activity in
the absence of a direct inhibitory effect of glucocorticoids, instead of increased activity due to
higher levels of CRH and AVP in the portal blood. However, this conclusion is tentative without
directly measuring these neurohormones in the portal blood. Alternatively, ADX has been
shown to decrease CRH receptor 1 mRNA level in the anterior pituitary (Makino et al. 1995),
and this is likely the result of increased CRH peptide release from the PVN that has been
observed after ADX (Fink et al. 1988; Sakai et al. 1996). Consequently, the data may point to
increases in CRH neuron basal CRH/AVP secretion that are independent of intracellular signal
transduction activity that converges on general immediate early gene expression.

In this study, ADX augmented the overall acute stress-induced increase in ACTH secretion
and stress-induced expression of all five genes examined in the PVN (CRH, AVP, c-fos, zif268,
and NGFI-B). This result is consistent with previous studies that found an enhanced magnitude
of CRH hnRNA, AVP hnRNA and c-fos mRNA, or Fos protein response in the PVN to acute
stress in ADX rats (Imaki et al. 1995; Viau et al. 1999; Kovacs et al. 2000; Tanimura and Watts
2000; Fevurly and Spencer 2004). This augmented stress-induced gene expression in ADX
rats may be due to an absence of a direct effect of glucocorticoids on the PVN. Other studies
found that the enhancing effect of ADX on stress-induced Fos expression was restricted to the
PVN (Kovacs et al. 2000; Fevurly and Spencer 2004).
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For some of the measures in this study (ACTH, AVP hnRNA, c-fos mRNA, and zif268 mRNA)
an additional component of the augmented stress-induced response in ADX rats was that peak,
or near peak, response levels were reached sooner after stress onset than in adrenal-intact rats.
In ADX rats, drinking saline with added CORT up until 18 h before restraint challenge partially
normalized stress-induced ACTH secretion at all stress-time points examined, and shifted the
time of peak response from 15 to 30 min after restraint onset. Interestingly, this same CORT
treatment appeared to partially normalize the expression of a subset of the PVN genes examined
(AVP hnRNA, c-fos mRNA, and zif268 mRNA), but only during the early portion of the
restraint stress response (during the first 15 or 30 min of restraint). Thus, the CORT replacement
regimen partially normalized the extent to which there was a rapid increase in gene expression
after restraint onset, but it did not normalize the eventual peak gene expression levels.

Kovacs et al. (2000) also found that ADX led to an advance in peak AVP hnRNA and Fos
protein levels after ether stress. Interestingly, in that study, treatment of ADX rats with a
constant low level of CORT reduced overall stress-induced AVP hnRNA levels, but peak AVP
hnRNA and Fos responses were still advanced relative to the time of peak responses in adrenal-
intact rats. The authors proposed the possibility that the stress-induced phasic increase in
endogenous CORT present in adrenal-intact rats produced a reactive/suppressive effect that
delayed peak AVP hnRNA and Fos protein responses. Our results demonstrate that a prior
history of diurnal variation in basal CORT levels is sufficient to delay the peak of stress-induced
ACTH secretion and AVP, c-fos, and zif268 gene expression in the PVN.

In contrast to the partial normalization effect of drinking saline with added CORT on AVP, c-
fos, and zif268 gene expression in the PVN, we saw no difference in the CRH hnRNA and
NGFI-B mRNA stress response magnitude in ADX rats with or without CORT replacement.
Thus, constraint of CRH and NGFI-B gene expression in the PVN may require a more recent
(or concurrent) presence of basal glucocorticoid levels at the time of stressor challenge than
does AVP, c-fos, and zif268 gene expression. It is also noteworthy that the rapid shut-off of
the CRH hnRNA response to restraint (within 15 min) was present in all rats irrespective of
glucocorticoid status, as has been noted by others (Shepard et al. 2005).

The different responses between ADX rats with or without drinking saline with added CORT
may not only be due to the different duration of time that CORT was absent from the system
at the time of restraint challenge but also differences between these two groups in the pattern
of CORT exposure for the first 4 days after ADX. Jacobsen et al. (1988) examined the time-
course for increases in basal plasma ACTH after adrenalectomy or after “stressless” removal
of CORT from ADX rats. The stressless removal of CORT was accomplished by removing
CORT containing drinking water from rats that had been ADX 5 days earlier, similar to the
procedure that we used in this study. Jacobson and coworkers found that ACTH levels were
already greater 2 h after surgery in ADX rats compared to Sham ADX rats. In contrast, basal
ACTH levels did not increase until 18–24 h after CORT water removal from ADX rats,
suggesting a short-term interaction between surgery stress and the absence of CORT on basal
ACTH levels. There was also some evidence in the Jacobson et al. study for more stable basal
ACTH levels in rats with stressless CORT removal than in long-term ADX rats (4–7 days after
ADX; Jacobsen et al. 1988). Thus, there is the possibility that our two ADX groups had different
stress-reactivity as a result of a complex interaction between the long-term response to the
stress of surgery and the presence or absence of CORT for the first 4 days after surgery. The
responses of rats treated with CORT in our study, however, also likely reflected some residual
effects of CORT present at the time of restraint challenge that were not present in 5-day ADX
rats given no CORT replacement. If drinking saline with CORT by ADX rats influenced the
stress-induced neural input to the PVN, then it must have selectively affected a subset of inputs
that contributed to stress-induced AVP, c-fos, and zif268 gene induction, but not CRH and
NGFI-B gene induction. Alternatively, CORT may also have acted directly within CRH

Pace et al. Page 10

Stress. Author manuscript; available in PMC 2009 December 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neurons to modulate the expression of some protein that contributed to stimulus-gene
expression coupling of AVP, c-fos, and zif268 gene expression, but not CRH and NGFI-B
gene expression.

In summary, data presented here indicate that various elements of the HPA axis depend
differently upon basal glucocorticoid levels present before acute stress. It is noteworthy that
the large increase in basal ACTH levels present in 5-day ADX rats is not reflected in alterations
in basal immediate early gene expression in the PVN. In contrast, the expression in the PVN
of all five genes examined, as well as ACTH secretion, exhibit a large enhancement of their
responses to restraint after 5 days of ADX. However, our CORT replacement regimen, which
had a partial normalizing effect on stress-induced plasma ACTH levels, also partially
normalized the expression in the PVN of AVP hnRNA, c-fos mRNA, and zif268 mRNA, but
not CRH hnRNA and NGFI-B mRNA.
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Figure 1.
Effects of adrenalectomy ± CORT replacement on basal and restraint-induced plasma ACTH
and CORT concentrations. Rats underwent sham adrenalectomy (ADX; Sham) or ADX 5 days
before restraint challenge. After surgery, adrenalectomized rats received either 0.9% saline
solution (ADX) or saline with 25µg/ml CORT (ADX + Bw) to drink. In the case of the latter,
CORT saline was replaced with regular saline 18 h before testing. Trunk blood was obtained
at the time from unstressed rats (0 min), from rats challenged with various durations of restraint
(15, 30, or 60min), and from rats 1 h after 60 min of restraint (120 min); N = 75, n = 5. Both
plasma ACTH (panel A) and plasma CORT (panel B) were measured in trunk blood samples;
there were no detectable CORT levels in ADX or ADX + Bw rats. +p < 0.05, compared to no
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stress (0 min) timepoint in same glucocorticoid status group; *p < 0.05, compared to sham
group at same time; #p < 0.05, compared to ADX + Bw rats (FLSD). Arrowheads indicate the
peak response as determined by the criteria described in the Methods (statistics subheading).
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Figure 2.
Effects of ADX ± CORT replacement on basal and restraint-induced CRH hnRNA in the PVN
of the hypothalamus. Rats underwent sham ADX (Sham) or ADX 5 days before restraint
challenge. After surgery, adrenalectomized rats received either saline solution (ADX) or saline
with 25µg/ml CORT (ADX + Bw). In the case of the latter, CORT saline was substituted with
regular saline 18 h before testing. Whole brains obtained by decapitation were rapidly frozen:
from unstressed rats (0 min), from rats challenged with various durations of restraint (15, 30,
or 60 min), and from rats 1 h after 60 min of restraint (120 min); N = 75, n = 5. Panel A:
representative PVN CRH hnRNA autoradiograms for each group. Panel B: graph of group
CRH hnRNA integrated gray levels. +p < 0.05, compared to no stress (0 min) timepoint in
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same glucocorticoid status group; *p < 0.05, compared to sham group at same time (FLSD).
Arrowheads indicate the peak response as determined by the criteria described in the Methods
(statistics subheading).
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Figure 3.
Effects of ADX ± CORT replacement on basal and restraint-induced AVP hnRNA in the medial
parvocellular (mp) and posterior magnocellular (pm) PVN of the hypothalamus. See Figure 2
legend for description of treatment groups. Panel A: representative PVN AVP hnRNA dark
field micrographs. Panel B: graph of AVP hnRNA positive cells/area in mpPVN. Panel C:
graph of AVP hnRNA positive cells/area in pmPVN +p < 0.05, compared to no stress (0 min)
timepoint in same glucocorticoid status group; *p < 0.05, compared to sham group at same
time; #p < 0.05, compared to ADX + Bw rats (FLSD). Arrowheads indicate the peak response
as determined by the criteria described in the Methods (statistics subheading).
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Figure 4.
Effects of ADX ± CORT replacement on basal and restraint-induced c-fos mRNA in the PVN
of the hypothalamus. See Figure 2 legend for description of treatment groups. Panel A:
representative PVN c-fos mRNA autoradiograms for each group. Panel B: graph of group c-
fos mRNA integrated gray levels. +p < 0.05, compared to no stress (0 min) timepoint in same
glucocorticoid status group; *p < 0.05, compared to sham group at same time; #p < 0.05,
compared to ADX + Bw rats (FLSD). Arrowheads indicate the peak response as determined
by the criteria described in the Methods (statistics subheading).
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Figure 5.
Effects of ADX ± CORT replacement on basal and restraint-induced zif268 mRNA in the PVN
of the hypothalamus. See Figure 2 legend for description of treatment groups. Panel A:
representative PVN zif268 mRNA autoradiograms for each group. Panel B: graph of group
zif268 mRNA integrated gray levels. +p < 0.05, compared to no stress (0 min) timepoint in
same glucocorticoid status group; *p < 0.05, compared to sham group at same time.
Arrowheads indicate the peak response as determined by the criteria described in the Methods
(statistics subheading).
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Figure 6.
Effects of ADX ± CORT replacement on basal and restraint-induced NGFI-B mRNA in the
PVN of the hypothalamus. See Figure 2 legend for description of treatment groups. Panel A:
representative PVN NGFI-B mRNA autoradiograms for each group. Panel B: graph of group
NGFI-B mRNA integrated gray levels. +p < 0.05, compared to no stress (0 min) timepoint in
same glucocorticoid status group; *p < 0.05, compared to sham group at same time (FLSD).
Arrowheads indicate the peak response as determined by the criteria described in the Methods
(statistics subheading).
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