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Abstract

Using in situ hybridization histochemistry, we report differential expression of corticotropin-releasing hormone (CRH) mRNA
in the central nucleus of the amygdala (CEA) and the parvocellular region of the paraventricular nucleus of the hypothalamus
(PVN) following systemic treatment with corticosterone (CORT) in adrenally-intact rats. Both injection of low (1 mg/kg/ day)
and high (5 mg/day) CORT reduced CRH mRNA expression in the PVN in a dose-dependent manner, although it returned to
normal at the low dose by 14 days. By contrast, the high dose of CORT increased CRH mRNA transiently in the CEA at 4 days,
although the low dose of CORT decreased it at 14 days. In a second experiment, we implanted a slowly-releasing CORT pellet
for 2 weeks (200 mg, 60 day release) subcutaneously. This treatment produced an elevation of CRH mRNA in the CEA both at 1
and 2 weeks, whereas CRH mRNA in the PVN was decreased to a large extent as seen in the high CORT group of the first
experiment. These results suggest that glucocorticoids can facilitate CRH mRNA expression in the CEA, a site implicated in
anxiety and fear, while restraining the hypothalamic-pituitary-adrenal axis as indicated by the reduction in CRH mRNA in the

PVN.
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1. Introduction

The central nucleus of the amygdala (CEA) is part
of the neural circuit underlying the expression of fear
and anxiety [2,7,9,13,20]. It is also a large source of
extra-hypothalamic corticotropin-releasing hormone
(CRH) [24,33]. Moreover, a growing body of functional
work demonstrates that ablation of the CEA abolishes
many of the behavioral effects of centrally delivered
CRH (e.g. conditioned startle, fear and anxiety), while
lesions of the paraventricular nucleus (PVN) produce
no such effects [7,21]. This functional work is consis-
tent with the anatomical demonstration of perhaps at
least two CRH systems in the brain; one tied to the
regulation of the hypothalamic-pituitary-adrenal (HPA)
axis and the other to the above behavioral functions.
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It has been well established that elevated glucocorti-
coids decrease CRH in the parvocellular region of the
PVN of the hypothalamus. Decreasing CRH counter-
regulates the activated HPA axis that typically results
from stress [3,6,25]. In contrast, the effects of glucocor-
ticoids on extra-hypothalamic CRH are not well under-
stood [1,12,27,37].

Recently, there have been reports of differential
effects of corticosterone (CORT) on CRH mRNA in
hypothalamic and extra-hypothalamic brain regions
[16,22,34]). Swanson and Simmons [34] demonstrated
that adrenalectomized rats given systemic high doses of
CORT treatment for one week increased CRH mRNA
in the intermediate region of the CEA, and reduced
CRH mRNA in the medial part of the parvocellular
PVN. Moreover, adrenalectomy reduces CRH in the
CEA and increases it in the parvocellular PVN
(Palkovits et al., personal communication). These find-
ings are of importance, for they suggest that glucocorti-
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coids may have diverse effects on two functionally
different CRH systems.

We therefore extended the observation of Swanson
and Simmons [34] by examining whether CORT would
affect similarly CRH mRNA expression in the CEA
and PVN of adrenally-intact rats by using in Situ
hybridization histochemistry (as adrenalectomy also af-
fects plasma levels of epinephrine and adrenal steroids
other than CORT). In doing so, we varied the duration
and dose over which rats were exposed to the CORT.
We found that, in adrenally-intact rats, CORT also had
differential effects on the expression of CRH mRNA
in the parvocellular region of the PVN and the CEA.

2. Materials and methods
2.1. Experiment 1

Male Sprague—Dawley rats weighing 180-220 g (Taconic Farms,
Germantown, NY) were housed four per cage at 24°C in a humidity

N

controlled room. They were on a 12-h light /dark cycle (Lights on at
06.00 h and off at 18.00 h). Purina chow and water were available ad
libitum throughout the experiment.

Rats were randomly separated into 3 groups and were injected
subcutaneously once daily in the morning with either vehicle (sesame
oil) or CORT (low; 1 mg/kg/day, high; 5 mg/rat/day, dissolved in
the sesame oil, Sigma Chemicals Co., St. Louis, MO). The dose of
CORT was determined by previous reports [12,31). Groups of rats
received the injection for 2, 4, 8 or 14 days (n =8 in each dose of
group at each time point), and were sacrificed 24 h after the last
injection. Control rats were also sacrificed at each of the time points
in which an experimental group was sacrificed. Control rats in each
time point did not show any significant differences in all parameters,
so their data were pooled (total n = 20).

2.2. Experiment 2

Another set of male Sprague-Dawley rats weighing 230-280 g
were used for a CORT implant study. Slowly-releasing pellets con-
taining 200 mg of CORT or placebo pellet (60 day release, Innova-
tive Research of America, Toledo, OH) were implanted subcuta-
neously in adrenally-intact rats. Rats were sacrificed at 1 and 2
weeks after the CORT implantation (n =7 at each time point).
Control rats which were sacrificed at each time point were pooled
(total n=12).

B i RO

Fig. 1. Autoradiographs depict the effects of corticosterone (CORT) injection on CRH mRNA levels in the central nucleus of the amygdala
(CEA) (A and B) and the paraventricular nucleus (PVN) (C and D) of control (A, C) and high CORT-treated (B, D; at 4 days) rats. Black silver
grains mark the location of hybridized probe and accumulation of grains are seen in the CEA and the PVN, which is adapted from Paxinos and
Watson [29]. (Magnification X6.5).
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For both experiments, the rats were decapitated between 09.00 h
and 11.00 h, corresponding to 3-5 h after lights-on, and their brains
were quickly removed and frozen by immersion in 2-methyl butane at
—30°C, then stored at —70°C until sectioning the tissue on the
cryostat. Frozen tissue was cut coronally in 15 pm thick sections, The
sections were thaw-mounted and air dried on gelatin-coated slides,
and were stored at — 70°C prior to in situ hybridization histochem-
istry.

2.3. In situ Hybridization

In situ hybridization was performed in two brain regions; the
parvocellular region of the PVN and the CEA. The sections of the
CEA were taken at 2.6-2.8 mm posterior from the bregma (0.6-0.8
mm posterior from one of the last sections of the PVN). We
observed that this was the densest CRH mRNA containing region in
the amygdala (unpublished observations). The sections of the PVN
were determined by staining with thionin at the anterior and poste-
rior ends of the nucleus.

The hybridization procedures were carried out as previously
described [36]. In brief, sections were fixed in 4% formaldehyde,
subsequently treated with 0.25% acetic anhydride in 0.1 M tri-
ethanolamine /0.9% saline (pH 8.0) over a 10 min period to reduce
non-specific hybridization of the probe. Then the sections were
dehydrated in increasing concentrations of ethanol, and delipidated
with chloroform for 5 min, rinsed in ethanol and air dried. We used a
synthetic 48-based oligodeoxyribonucleotide probe directed against
rat CRH, bases encoding amino acids 496-543 [17). The probe was
labeled with [a-33S]JdATP (> 1,000 Ci/mmol, DuPont /NEN) using

terminal deoxynucleotidyl transferase (25 units/ul, Boehringer-
Mannheim Biochemicals, Indianapolis, IN) and tailing buffer (Be-
thesda Research Laboratory, Bethesda, MD). Sections were hy-
bridized overnight at 37°C with 5X10° cpm of labeled probe per
section. Then non-specifically hybridized probe was removed through
washing the sections in four 15 min rinses of 2XSSC (1 X =0.15 M
NaCl/0.015 M sodium citrate, pH 7.2) containing 50% formamide at
40°C, followed by two 30 min rinses of 1 X SSC at 25°C.

2.4. Analysis and quantification

For analysis of CRH mRNA, the slides and “C-standards of
known radioactivity (American Radiochemicals Inc., St. Louis, MO)
were placed in X-ray cassettes, apposed to >*S-sensitive film (Hyper-
film-BMax, Amersham) for 6 days and 21 days for CRH in the PVN
and CEA, respectively. Films were then developed (D19, Kodak) for
5 min at 20°C. The amount of probe hybridized in the PVN or CEA
was measured as regional optical densities of autoradiographic film
images with a computerized image analysis system composed of a
light box, a solid state video camera, and Macintosh II-based IM-
AGE software developed by Wayne Rasband, Research Service
Branch, National Institute of Mental Health. Optical densities for
each region were obtained in 2 consecutive sections per rat. In cases
in which we had obvious laterality in the intensity of the image in the
CEA, we adopted the density on the dark side. Values were con-
verted to disintegrations per minute per milligram (dpm/mg) of rat
brain tissue using a standard curve generated by '*C standards which
had been matched with [a-*3S]JdATP-impregnated rat brain paste
standards. The average value for each rat was used to calculate

Fig. 2. Effects of corticosterone (CORT) injection on CRH mRNA levels in the central nucleus of the amygdala (CEA) and the paraventricular
nucleus (PVN). Darkfield photomicrographs show the autoradiographic distribution of CRH mRNA in the CEA (A and B) and in the PVN (C
and D) of control (A, C) and high CORT-treated (B, D; at 4 days) rats. Autoradiographic silver grains appear white. High CORT treatment
increased CRH mRNA in the CEA, whereas it was decreased in the PVN. (Magnification X 70).
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group means. Statistical significance between the control and experi-
mental groups was determined by one-way ANOVA followed by
Fisher’s protected least significant difference (PLSD) test.

2.5. Hormonal Assays and organ weights

At the time of decapitation, trunk blood was collected on ice,
centrifuged and stored at —70°C until assay. Plasma corticosterone
and ACTH were measured by commercially available radioim-
munoassay kit (ICN biomedicals Inc. Cleveland, OH). The intra-as-
say coefficient of variance was < 10%. In addition, adrenal glands
and thymus were removed and weighed as changes in adrenal and
thymus weight are important biological responses as cumulative
evidences of CORT actions [6,25,32]. These data were also evaluated
statistically by one-way ANOVA followed by Fisher’s PLSD test.

3. Results
3.1. Experiment ]

Effect of CORT on CRH mRNA levels in the CEA
Figs. 1 and 2 show our best representative sections
in which the high dose of CORT increased CRH
mRNA in the CEA at 4 days (B compared with A).
Fig. 1 also reveals the localization of CRH mRNA in
the CEA (A and B, which is adapted from Paxinos and
Watson [29]). The high dose of CORT increased CRH
mRNA in the CEA significantly at 4 days (P < 0.05,
Fig. 3). The low dose of CORT decreased CRH mRNA
in the CEA significantly at 14 days (P < 0.05, Fig. 3).

Effect of CORT on CRH mRNA levels in the PVN

Our best representative sections are again shown in
Figs. 1 and 2 (high dose of CORT injection decreased
CRH mRNA in the PVN at 4 days; D compared with
C). The high dose of CORT decreased CRH mRNA in
the PVN at all time points (P < 0.001, Fig. 4). The low
dose of CORT resulted in significant decreases in
CRH mRNA in the PVN at 2, 4 and 8 days, and then
tended to return to the control levels at 14 days (at 4
days; P < 0.01, Fig. 4). These results support previous
reports demonstrating glucocorticoid negative feedback
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Fig. 3. CRH mRNA hybridization levels in the central nucleus of the
amygdala induced by high (5 mg/day) or low (1 mg/kg/day) dose of
corticosterone (CORT) injection. Control rats (n =20) were ob-
tained from the pool of rats sacrificed at the same time points as
high (n =8 in each time point) and low (n=8 in each time point)
CORT group. Values are means+S.E.M. * P < 0.05 vs. control.

effects on hypothalamic CRH mRNA levels
[1,18,19,34].

Effect of CORT on plasma CORT and ACTH levels

In the high dose group, plasma CORT levels were
significantly higher than in the control group at al] time
points (P < 0.001), even though it decreased gradually.
Plasma ACTH was lower than in the control group at
all time points, but it was not statistically significant
(Table 1). In the low dose group, plasma CORT level
gradually increased, and at the later time period it was
significantly higher than the control group (P < 0.01, at
14 days). The low dose replacement did not affect
plasma ACTH levels (Table 1).

Effect of CORT on adrenal and thymus weight

In the low dose group, the thymus weight decreased
slightly after 4 days (P < 0.05), but adrenal weight did
not change. The high dose of CORT induced massive

Table 1
Effect of corticosterone (CORT) administration on plasma CORT and ACTH levels in rats
Group Day 2 Day 4 Day 8 Day 14
Plasma CORT (ng/ml)
Control 21.2+6.1
Low CORT 40.0 £ 13.3 59.0 + 16.4 743 +19.2 * 81.6 + 326 **
High CORT 1752 +24.1 % 141.3+19.1 % 112.8 +12.0 # 1134+ 121 %
Plasma ACTH (pg/ ml)
Control 255+4.7
Low CORT 206+ 2.7 229+ 58 374+ 133 34.6 + 14.8
High CORT 18.6 + 10.4 192+ 5.0 13.8+ 2.7 77+ 25

Rats were subcutaneously injected once daily in the morning with either sesame oil (control group; n = 20), low dose of CORT (1 mg/kg/ day,
low CORT group; n = 8 at each time point) or high dose of CORT (5 mg/ day, high CORT group; n = 8 at each time point). Blood was collected

24 h after the last injection.

Values are means + S.EM. * P < 0.05 vs. control. ** P < 0.01 vs. control. * P <0.001 vs. control.



S. Makino et al. / Brain Research 640 (1994) 105-112 109

— H Control

E’ 5001 [@ Low CORT

E 74 High CORT

;: 400 )

z . LR ﬁ

2 300-

£

o 200"

=z

0@

E 100-

E 7 e

© 0 - T T i79}!
Control 4 8 14

Day

Fig. 4. CRH mRNA hybridization levels in the paraventricular nu-
cleus induced by high or low dose of corticosterone (CORT) admin-
istration. Control rats (n = 20) were obtained from the pool of rats
sacrificed at the same time points as the high (n =8 in each time
point) and low (n = 8 in each time point) CORT groups. Values are
mean+S.EM. * P<0.05 vs. control. ** P <0.01 vs. control.
*** P <0.001 vs. control.

atrophy of both adrenal gland (P < 0.05) and thymus
(P < 0.001) at all time points (Table 2).

3.2. Experiment 2

Effect of CORT on CRH mRNA levels in the CEA

Fig. 5 shows our best representative sections in
which the CORT pellet increased CRH mRNA in the
CEA (A: control, B: 1 week, C: 2 weeks). The CORT
pellet increased CRH mRNA in the CEA at both 1
week (P <0.01) and 2 weeks (P < 0.001, Fig. 6). This
indicates that the CORT pellet produced a continuous
elevation on CRH mRNA in the CEA compared with
a transient increase by the high CORT injection. The
pellet implantation induces a constant blood hormonal
level, while the surges and subsequent declines are
associated with the injection [6,23]. Continuous occu-
pancy of glucocorticoid receptors by a constant high

level of CORT may cause the sustained elevation of
CRH mRNA in the CEA. Alternatively, in the CORT
injection study, higher doses of CORT may be required
to produce the continuous elevation of CRH mRNA in
the CEA.

Effect of CORT on CRH mRNA levels in the PVN

Our best representative sections are shown in Fig. 5.
The CORT pellet decreased CRH mRNA in the PVN
(D: control, E: 1 week, F: 2 weeks). At 1 week, we
could not detect any CRH mRNA expression. At 2
weeks, CRH mRNA was slightly expressed in the PVN,
but it was also significantly lower than control group
(P < 0.001, Fig. 7).

Effect of CORT on plasma CORT and ACTH levels

Plasma CORT levels were significantly higher than
the control group both at 1 and 2 weeks (P < 0.001).
Plasma ACTH levels were significantly lower than the
control group at 2 weeks (P < 0.01, Table 3).

Effect of CORT on adrenal and thymus weight
The adrenal gland and thymus shrank both at 1 and
2 weeks (P < 0.001, Table 3).

4. Discussion

We have demonstrated that CORT has differential
effects on CRH mRNA levels in the CEA versus the
parvocellular PVN in adrenally-intact rats. In the
CORT injection study, at the high dose there is a
modest and transient increase in CRH mRNA, while
at the low dose there is a decrease in CRH in the CEA
at the late period. The CORT pellet study produced a
modest but continuous increase in CRH mRNA in the
CEA. By contrast, in the parvocellular PVN there is a
significant reduction of CRH mRNA following both
CORT injection and by implanting CORT. These re-
sults provide further evidence that glucocorticoids can
have differential effects on target tissue; in some con-

Table 2
Effect of corticosterone (CORT) administration on adrenal and thymus weight in rats
Group Day 2 Day 4 Day 8 Day 14
Adrenal weight (mg)
Control 371+ 09
Low CORT 349+ 1.2 358+ 0.6 3554038 371421
High CORT 281+ 06 * 262+ 10 * 222403 * 200+08 *
Thymus weight (mg /100 g b.w.)
Control 205.7 +£ 10.0
Low CORT 1924 + 28.1 1727 + 111 * 170.7 £ 35 * 1682 +5.7 *
High CORT 1020+ 6.9 ** 53.6+ 3.4 ** 3404+ 1.7 ** 224 £2.1**

Rats were subcutaneously injected once daily in the morning with either sesami oil (control group; n = 20), low dose of CORT (1 mg/ kg/ day,
low CORT group; n =8 at each time point) or high dose of CORT (5 mg/day, high CORT group; n =8 at each time point). Values are

means + S EM. * P <0.05 vs. control. ** P < 0.001 vs. control.
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Fig. 5. Effects of corticosterone (CORT) pellet implantation on CRH mRNA levels in the central nucleus of the amygdala (CEA) and the
paraventricular nucleus (PVN). Darkfield photomicrographs show the autoradiographic distribution of CRH mRNA in the CEA (A,B,C) and in
the PVN (D,E,F) of control (A,D), 1 week (B,E) and 2 weeks (C,F). Autoradiographic silver grains appear white. CORT pellet (200 mg)
implantation produced a continuous elevation of CRH mRNA in the CEA, whereas it was decreased in the PVN. (original magnification, X 70).

texts decreasing gene transcription, and increasing it in
others. Glucocorticoid receptors are co-localized in
CRH cells in the CEA [5,14] as well as in the PVN [4],
suggesting that CORT might directly affect CRH gene
transcription in the CEA or the PVN.

Our results, however, showed that the changes in
CRH mRNA in the CEA were smaller than in the
PVN at the same dose of CORT. This indicates that
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Fig. 6. CRH mRNA hybridization levels in the central nucleus of the
amygdala induced by CORT pellet implantation over 2 weeks. Con-
trol rats (n = 12) were obtained from the pool of rats sacrificed at the
same time points as the experimental groups (n=7 in each time
point). Values are means+S.EM. * P <0.01 vs. control. ** P <
0.001 vs. control.

the CEA and the PVN may have different thresholds
in response to CORT, which is consistent with the
findings of Swanson and Simmons [35]. Since there is
less CRH mRNA in the CEA than in the PVN, small
changes may have functional significance.

It is unclear why the low dose of CORT injection
decreased CRH mRNA in the CEA and why CRH
mRNA in the PVN returned to normal at 14 days. It
would appear that, even in the same area, CORT may
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Fig. 7. CRH mRNA hybridization levels in the paraventricular nu-
cleus induced by CORT pellet (200 mg) implantation. Control rats
(n =12) were obtained from the pool of rats sacrificed at the same
time points as experimental group (n =7 in each time point). Values
are mean+ S.E.M. * P < 0.001 vs. control.
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Table 3
Effect of corticosterone (CORT) implantation on Plasma CORT and
ACTH levels in rats

control CORT
1 week 2 weeks

Plasma CORT 377475 29624249 ** 25544348 **
(ng/ml)
Plasma ACTH 48.7+88 27.2+103 160+ 1.3 *
(pg/mD
Adrenal weight (mg) 459+1.1 256+ 1.4 ** 208+ 12**
Thymus weight 1240443 150+ 05** 139+ 23 **
(mg /100 g b.w.)

Rats were subcutaneously implanted with slowly-releasing pellets
containing 200 mg of CORT. Rats were sacrificed 1 week (n= 7 or
2 weeks (n =7) later. Control rats were sacrificed at the same time
and then data were pooled (n=12). Values are means+S.EM.
* P < 0.01 vs. control. ** P <(.001 vs. control.

have a differential effect on CRH gene transcription at
different doses, or different durations of exposure.
However, this remains to be clarified.

Our results may add to the growing body of evi-
dence that suggests that the CEA is functionally tied to
CRH neuronal activation following stress. In fact, CRH
in addition to norepinephrine is activated in the CEA
following immobilization-induced stress, a condition in
which CORT is elevated [28,30]. We also found that
repeated immobilization stress increased CRH mRNA
in the CEA (unpublished observations). The exogenous
CORT elevation may mimic part of the stress response
[12,31]. Although plasma CORT levels in this study
may be higher than in chronically stressed rats, our
results raise the possibility that, in stress, CORT could
elevate CRH neuronal activity in the CEA, instead of
counterregulating or restraining it. In a variety of ex-
perimentally-induced stressful conditions, other factors
(e.g. catecholamines [28] or transcription factors [15])
may enhance CORT effects on CRH neuronal activa-
tion in the CEA. However, the actual effect of endoge-
nous CORT in stress on CRH gene expression in the
CEA remains to be elucidated.

Since there is a growing body of evidence that the
CEA and CRH are related to arousal and anxiety
[7,8,20,21,35] which can be characteristic features of
melancholic depression [11], CORT, by amplifying the
CRH signal in the CEA, may be increasing the sense of
adversity that is known to occur following central ad-
ministration of CRH [8]. This is consistent with clinical
observations that depressed patients often show hyper-
cortisolism with high levels of CRH in the cere-
brospinal fluid (CSF) [10,26]. Although the origins of
CRH in the CSF is not well known in depressed
individuals, our results indicate that the CEA may be
at least partly responsible for this.
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