PHARM

aspet..

0026-895X/92/060991-05$03.00/0

Copyright © by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.

MOLECULAR PHARMACOLOGY, 42:991-995

Antidepressant Drug Action in a Transgenic Mouse Model of the
Endocrine Changes Seen in Depression

M.-C. PEPIN, F. POTHIER, and N. BARDEN

Molecular Psychogenetics Laboratory, CHUL Research Centre (M.-C.P., N.B.), and Departments of Physiology and Zootechnie (F.P.), Laval

University, Ste-Foy, Québec, Canada
Received April 15, 1992; Accepted September 24, 1992

SUMMARY

We have created transgenic mouse lines with impaired gluco-
corticoid receptor function by expression of a type Il glucocorti-
coid receptor antisense RNA in brain tissues. These animals
have endocrinological characteristics similar to those seen in
depression, including a hyperactive hypothalamic-pituitary-adre-
nal axis as indicated by elevated plasma corticosterone and
adrenocorticotropin hormone levels. Treatment of transgenic

animals with the tricyclic antidepressant desipramine increased
hypothalamic glucocorticoid receptor mRNA concentration and
dexamethasone-binding activity while decreasing plasma adren-
ocorticotropin hormone concentration and corticosterone levels.
These results support the hypothesis that antidepressants exert
action on the hypothalamic-pituitary-adrenal axis through mod-
ulation of glucocorticoid receptor gene expression.

Depressive disorders are estimated to disrupt the lives of up
to 15% of the population at least once during their lifetimes
and may be the most destructive group of mental illnesses in
terms of prevalence, mortality, economic cost, and impact on
families. Although antidepressive drug therapies produce im-
provement in 65-75% of patients, their mechanism of action
remains unclear and only a smaller percentage of patients have
essentially complete amelioration of symptomatology. In-
creased activity of the HPA axis, indicated by hypersecretion
of ACTH and cortisol, and failure to suppress plasma cortisol
concentrations after dexamethasone administration have been
reported in patients with severe depression (1, 2). Glucocorti-
coid hormones normally restrain HPA axis function by exerting
feedback effects in hypothalamic and extrahypothalamic brain
areas, which ultimately cause a decrease in secretion of CRF,
and also by inhibiting pituitary ACTH release (3-7). In order
to exert this biological action, glucocorticoid hormones must
first bind to a cellular receptor. This receptor has been purified
(8,9), its functional domains characterized (10), and the cDNAs
cloned from rat, mouse, and human sources (11-13). The hor-
mone-receptor complex, when translocated to the nucleus, rec-
ognizes specific DNA sequences (glucocorticoid response ele-
ments) to which it binds; by doing so, it modifies the transcrip-
tion of downstream genes (14). Both the failure to suppress
cortisol concentrations after a dexamethasone test dose or
combined dexamethasone/CRF challenge (15) and the in-
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creased HPA axis activity, as indicated by hypersecretion of
CRF and cortisol, have been reported in patients with severe
depression (1, 2). This HPA axis dysfunction associated with
depressive illness could be caused by ineffective glucocorticoid
feedback inhibition leading to overactive hypothalamic CRF
neurons and increased expression of the proopiomelanocortin
gene. Because neuronal glucocorticoid receptors are necessary
for the negative feedback action of glucocorticoid on the HPA
axis, it is thus possible that the apparent lack of glucocorticoid
sensitivity observed in depression could be due to an abnor-
mality of glucocorticoid receptor regulation at the limbic-hy-
pothalamic level. Support for this comes from the normaliza-
tion of the hyperactive HPA axis that occurs during successful
antidepressant pharmacotherapy of depressive illness (16, 17),
and we have hypothesized that this could be brought about by
an antidepressant-induced increase in glucocorticoid receptor
rendering the HPA axis more susceptible to feedback inhibition
by cortisol. This hypothesis is strengthened by the finding that
antidepressants increase type II glucocorticoid receptor gene
expression (18). Incorporation into the mouse genome of a
transgene expressing antisense RNA complementary to a frag-
ment of the glucocorticoid receptor cDNA has allowed us to
develop an animal that has defective glucocorticoid feedback
inhibition as a result of decreased glucocorticoid receptor pro-
duction. These transgenic animals, which have reduced type II
glucocorticoid receptor mRNA concentrations, a reduced type
II glucocorticoid receptor binding capacity, and a hyperactive
HPA axis, as demonstrated by elevated plasma corticosterone
and ACTH levels (19), are an ideal model in which to test the

ABBREVIATIONS: HPA, hypothalamic-pituitary-adrenal; PCR, polymerase chain reaction; ACTH, adrenocorticotropin hormone; CRF, corticotropin-
releasing factor; SDS, sodium dodecy! sulfate; SSC, standard saline citrate.
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hypothesis that antidepressants normalize the HPA axis by
acting on glucocorticoid receptor gene expression. Treatment
of these transgenic animals with an antidepressant drug re-
sulted in an increase in hypothalamic type II glucocorticoid
receptor mRNA concentration and in type II glucocorticoid
receptor binding activity, a decrease in ACTH concentration,
and a blood plasma corticosterone level not different from that
of normal mice.

Experimental Procedures

Animals. Normal and transgenic mice (19) were maintained accord-
ing to institution guidelines and were injected once per day either with
vehicle (0.9% sodium chloride) or with 20 mg/kg of body weight
desipramine dissolved in vehicle, for 10 days before sacrifice by decap-
itation.

Northern blot analysis of type II glucocorticoid receptor
mRNA. Hypothalamus, frontal cortex, and other organs were rapidly
frozen in liquid nitrogen and stored at —80° until used. RNA was
prepared from these tissues by the guanidium/isothiocyanate method
(20), separated on 0.8% agarose-formaldehyde denaturing gels, and
blotted onto nylon filters (Hybond N; Amersham) before hybridization
with type II glucocorticoid receptor cRNA and g8-actin cRNA probes.
Type II glucocorticoid receptor cRNA antisense probe was produced
by T'7 polymerase run-off transcription with [*?P]JUTP of a 1.8-kilobase
type II glucocorticoid receptor cDNA fragment (11) subcloned into the
plasmid pGEM-1. A B-actin cRNA probe was generated from a 1.5-
kilobase 8-actin cDNA Pstl fragment (21) inserted in pGEM-1. Filters
were prehybridized for 4 hr at 42° (in 50% formamide, 5% SSC, 6x
Denhardt, (0.12% bovine serum albumin, 0.12% Ficoll 400, 0.12%
polyvinyl pyrrolidone), 0.1% SDS, 50 mM phosphate, 200 ug/ml yeast
tRNA, 200 ug/ml denatured salmon sperm DNA) and hybridized at
65° for 20 hr. After hybridization, under stringent conditions, filters
were washed twice (30 min each time) in 2x SSC/0.1% SDS at room
temperature and twice (1 hr each time) in 0.1%x SSC/0.1% SDS at 70°.
Filters were wrapped in Saran Wrap and exposed to Kodak X-OMAT
films with (for filters hybridized with type II glucocorticoid receptor
cRNA probe) or without (for 8-actin cRNA probe) intensifying screens.

Measurement of type II glucocorticoid receptor binding ca-
pacity. Type II glucocorticoid binding activities in brain and other
organs were measured using [*H]dexamethasone. Tissue was homoge-
nized in 30 mM Tris, 1 mM EDTA, 10 mM molybdate, 10% (v/v)
glycerol, 1 mM dithiothreitol (TEDGM, pH 7.4). After centrifugation
at 55,000 x g for 15 min at 4°, an aliquot of the cytosol was incubated
with 10 nM [*H]dexamethasone (specific activity, 44.7 Ci/mmol; Amer-
sham) for 20-24 hr at 4°. The amount of nonspecific binding was
determined in parallel incubations with the labeled steroid in the
presence of a 300-fold excess of unlabeled type II glucocorticoid recep-
tor-specific agonist RU 28362. Sephadex LH20 (Pharmacia) columns
equilibrated with TEDGM buffer were used to separate bound from
unbound steroid. After incubation, 100-ul aliquots of the incubates
were loaded onto the columns, washed with 100 ul of TEDGM, and
eluted with 400 ul of TEDGM into minivials. The vials were then filled
with 5 ml of aqueous counting cocktail Formula A-963 (New England
Nuclear, Boston, MA) and counted in a LKB scintillation counter at
40% efficiency. Protein content was determined by the method of
Bradford (22).

Analysis of transgene expression. Reverse transcriptase/PCR
amplification assay methods were used to measure transgene (type II
glucocorticoid receptor antisense RNA) and 8-actin mRNA levels. RNA
prepared by the guanidium/isothiocyanate method (20) was treated
with an amount of DNase (10 units of DNase/2.5 ug of RNA for 10
min at 37°) shown to prevent amplification from DNA (19). A 15-base
poly(dT) oligomer was used as primer for reverse transcriptase. For the
glucocorticoid receptor antisense RNA amplification, a 21-base oligo-
mer corresponding to the sequence (bases 1824-1844) immediately
upstream from the polyadenylation signal in the VP1 gene of bacteri-

ophage SV40, used in conjunction with a 20-base oligomer primer
corresponding to positions 381-400 of the type II glucocorticoid recep-
tor cDNA antisense fragment, served for PCR amplification of reverse
transcriptase reaction product using a Perkin-Elmer Cetus PCR kit
(GeneAmp). A pair of forward and reverse 20-base oligomer primers,
corresponding to sequences 292-311 and 807-826 of the mouse §-actin
cDNA, were used for PCR amplification. Conditions for reverse tran-
scriptase and PCR amplification were as described by the manufac-
turer. After electrophoresis and transfer to Hybond N*, amplified
products were identified by hybridization to a ?P-labeled 20-base
oligomer corresponding to positions 1733-1752 of the glucocorticoid
receptor antisense cDNA and to positions 564-583 of the 8-actin cDNA.

Results

Effect of desipramine on type II glucocorticoid recep-
tor gene activity in the brain of normal and transgenic
mice. Glucocorticoid receptor mRNA concentration was meas-
ured in the brain of untreated or desipramine-treated (20 mg/
kg of body weight, for 10 days) normal or transgenic mice.
Although in both normal mice and transgenic mice type II
glucocorticoid receptor mRNA concentration was increased
after desipramine treatment, the percentage of stimulation in
antidepressant-treated transgenic mice was greater than that
seen in antidepressant-treated normal mice (Table 1).

When two different brain regions were analyzed, the anti-
depressant-induced changes in transgenic mouse type II glu-
cocorticoid receptor mRNA concentration were found to be
more pronounced in hypothalamus than in cerebral cortex (Fig.
1). The type II glucocorticoid receptor mRNA concentration in
the liver of transgenic or antidepressant-treated transgenic
mice (Fig. 1) was not significantly different from that of normal
mice.

Antidepressant effects on glucocorticoid binding ac-
tivity in transgenic mice. Type II glucocorticoid receptor
binding activity of transgenic mice treated with desipramine
was measured to determine whether the antidepressant-in-
duced increase in type II glucocorticoid receptor mRNA con-
centration was associated with an increase in functional type
II glucocorticoid receptors. Antidepressant treatment increased
the total type II glucocorticoid receptor binding capacity in
normal and transgenic mouse brain by, respectively, 27% and
33% (Table 1). In different brain regions of transgenic mice, a

TABLE 1

Effect of desipramine on type Il glucocorticoid receptor mMRNA
concentrations and type |l glucocorticoid receptor binding activity
in brain

Normal or transgenic mice (line 1.3) (19) were given injections of either vehicle or
desipramine (20 mg/kg) for 10 days before sacrifice. Type II glucocorticoid receptor
mRNA concentration and [*H]dexamethasone binding were measured as described
in Experimental Procedures. The results shown are the changes in type Il gluco-
corticoid receptor mMRNA concentration and in [*H]dexamethasone binding after
desipramine treatment and are expressed as a percentage of values seen in
untreated normal mouse or untreated transgenic mouse control groups. Differences
between means were tested by the Duncan-Kramer test (30) after analysis of
variance (n is shown in parenthesis).

Glucocorticoid

p—,
Animals tormANA/Bactn [ HIDexemethasone
mMANA
% of untreated control % of untreated control
Desipramine-treated normal 190 + 36 (8)* 1277 (10y
mice
Desipramine-treated trans- 273 + 27 (4 133 + 12 (20
genic mice
*p < 0.05.
°p <0.01.
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Fig. 1. Effect of desipramine on type Il glucocorticoid receptor mRNA
concentration in transgenic mouse tissues. Northern biot analysis of
glucocorticoid receptor mRNA was performed as described in Experi-
mental Procedures. The results shown are the ratio of type Ii glucocor-
ticoid receptor (GR) mRNA to 8-actin mRNA in normal mice (CONTROL),
transgenic mice (line 5.9) (19), and antidepressant-treated transgenic
mice. The number of animals in each group was between 6 and 30 and
the significance of differences between means was evaluated by the
Duncan-Kramer test (30) after analysis of variance. **, p < 0.01.
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Fig. 2. Effect of desipramine on type Il glucocorticoid receptor binding
activity in transgenic mouse tissues. [*H)Dexamethasone binding assays
were performed as described in Experimental Procedures. The results
shown are for normal mice (CONTROL), transgenic mice (line 5.9) (19),
and antidepressant-treated transgenic mice. Values are the mean +
standard error of a minimum of 24 different determinations. The signifi-
cance of differences between means was evaluated by the Duncan-
Kramer test (30) after analysis of variance. **, p < 0.01; *, p < 0.05.

maximum of 15.5 (cortex) and 4.8 (hypothalamus) fmol of [°H]
dexamethasone/mg of protein was bound. Antidepressant treat-
ment increased these binding capacities by 15% (cortex) and
180% (hypothalamus) to, respectively, 17.5 and 13.5 fmol of
[*H])dexamethasone/mg of protein (Fig. 2). No significant
change in glucocorticoid binding capacity was observed in the
liver of transgenic mice after desipramine treatment (Fig. 2).
Type II glucocorticoid receptor antisense RNA and 8-
actin mRNA in antidepressant-treated transgenic mice.
Antidepressant effects could be exerted primarily on expression
of the type II glucocorticoid receptor antisense transgene, fol-
lowed by secondary changes in glucocorticoid receptor mRNA

Antidepressant Action in Hypercorticosteronemic Mice 993

concentrations. To exclude this possibility we measured type II
glucocorticoid receptor antisense RNA, produced by transgene
transcription, in different tissues of transgenic mice. The effect
of desipramine on §-actin mRNA, which is used as an internal
standard for Northern blot analysis, was assessed in these same
tissues. No modification of either S-actin mRNA or type II
glucocorticoid receptor antisense RNA levels was seen in desi-
pramine-treated transgenic mice, compared with the non-
treated group of transgenic mice (Fig. 3). Antisense RNA
expression, directed by a neurofilament promoter element, thus
remains constant during antidepressant treatment and does
not block the functional use of additional type II glucocorticoid
receptor mRNA induced by antidepressant treatment.

HPA axis modification in transgenic animals. The type
II glucocorticoid receptor antisense transgene, designed to dis-
rupt normal HPA axis function, produced elevated ACTH and
corticosterone levels in transgenic mice (Table 2). Treatment
of these animals with desipramine resulted in a partial reversal
of these elevated ACTH concentrations and a return of the
serum corticosterone concentration to within the range of nor-
mal mice.

Discussion

Among the most prominent neuroendocrine findings in
depression and other affective disorders is the failure of dexa-
methasone to adequately suppress ACTH and cortisol and to
prevent increased release of these hormones after stimulation
with CRF. Disturbed glucocorticoid feedback is one event that
could explain the pathophysiology of the HPA axis dysfunction
in patients with major depression, who present these kind of
endocrine symptoms in about 60% of cases (23). One hypothesis
proposed to explain these phenomena in patients with depres-
sion is a decreased sensitivity to dexamethasone of cells in-
volved in HPA axis control. Incorporation into the mouse
genome of a gene fragment directing expression of an antisense
RNA complementary to the type II glucocorticoid receptor
mRNA has allowed us to develop an animal model that has
decreased glucocorticoid receptor gene expression. This trans-
gene causes neuroendocrinological changes reminiscent of those
seen in depression, including an apparent reduced neuronal
sensitivity to glucocorticoids that leads to high ACTH and
corticosterone levels. With these transgenic mice we have stud-
ied, at the molecular level, changes in glucocorticoid receptor
gene activity after treatment with the tricyclic antidepressant
desipramine.

Among several antidepressants shown to increase glucocor-
ticoid receptor mRNA concentrations (24, 25) we selected for
these studies desipramine, a monoamine reuptake inhibitor
that preferentially acts on the blockade of norepinephrine
reuptake with very slight action on serotonin reuptake (26).
We tested the hypothesis that antidepressants affect glucocor-
ticoid receptor function by monitoring type II glucocorticoid
receptor mRNA levels, type II glucocorticoid receptor binding
activity, and HPA axis modification after treatment with de-
sipramine. Type II glucocorticoid receptor mRNA concentra-
tion, measured in the brain of normal or transgenic mice, was
increased after desipramine treatment. This increase in type II
glucocorticoid receptor mRNA was translated into functional
glucocorticoid receptors, as shown by elevated type II glucocor-
ticoid receptor binding activity in the brain of antidepressant-
treated normal or transgenic mice. Finally, presumably as a
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genic mice. Animals were given injections of saline or
desipramine for 10 days before sacrifice. Reverse tran-
scriptase/PCR amplification of transgene (type Il glu-
Antisense RG —» . cocorticoid receptor antisense RNA) and g-actin mRNA
{‘,fé&' bp) e " was performed as described in Experimental Proce-
dures. No modification of the type Il glucocorticoid
receptor antisense transgene expression after desipra-
mine treatment of transgenic mice was evident.
B-actin —o - e -_— — - - — —
(500 bp)
TABLE 2 hormones. Included in this category are genes coding for en-

Plasma ACTH and corticosterone concentrations in normal and
transgenic mice after desipramine treatment

Hormone content of blood plasma from individual animals (n is shown in paren-
thesis) was measured by specific radioimmunoassay as previously described (31,
32). Differences between means were tested by the Duncan-Kramer (30) test after
analysis of variance.

Animals ACTH Corticosterone
pg/mi of pissma nmolfliter of plasma
Normal mice 131 £ 30 (16) 100 + 20 (15)
Normal mice/desipramine 70 £ 17 (20) 169 + 25 (16)
Transgenic mice 623 + 100 (12 230 + 40 (15)

Transgenic mice/desipramine 388 + 75 (16y'* 129 + 30 (8)

®p < 0.01 versus untreated normal mice.
®p < 0.01 versus untreated transgenic mice.

result of increased glucocorticoid receptor binding activity and
more efficient glucocorticoid negative feedback action, a reduc-
tion in the HPA axis activity of transgenic mice was produced.

The correlation between glucocorticoid receptor mRNA lev-
els and functional glucocorticoid binding activity in brain re-
gions strongly suggests that antidepressants increase type II
glucocorticoid receptor gene expression in vivo as they have
been shown to do in vitro (18). Moreover, a role for these
receptors in regulation of the HPA axis is supported by the
normalization of plasma corticosterone concentration and by
the 2-fold decrease in ACTH observed in antidepressant-
treated transgenic mice. Although the stimulatory effect of
antidepressant drugs on glucocorticoid receptor mRNA and
glucocorticoid binding capacity is observed in both brain areas
analyzed, it is more pronounced in the hypothalamus. This
region is more directly involved in HPA axis control than is
the cerebral cortex and may represent a preferential site of
action for antidepressant drugs. Desipramine treatment of
transgenic mice increased both the type II glucocorticoid recep-
tor mRNA concentration and the type II glucocorticoid receptor
binding capacity to levels higher than those seen in normal
mice. This increase in glucocorticoid receptors failed, however,
to produce a complete reversal to normal levels of the elevated
ACTH concentrations. The reason for this is not known but
may suggest that factors other than glucocorticoid receptors
are also involved in the disturbed HPA axis of these transgenic
animals. The decreased glucocorticoid receptor levels of trans-
genic mice are likely to cause modifications in the expression
of the numerous genes that are regulated by glucocorticoid

zymes that are rate limiting in the biosynthesis of neurotrans-
mitters known to regulate the HPA axis. Continued transgene
expression, even after antidepressant treatment, may prevent
a complete return to normal homeostasis.

It is interesting to note that, although desipramine increases
type II glucocorticoid receptor mRNA concentration and dex-
amethasone binding in normal mouse brain (but to a lesser
degree than in transgenic mouse brain), this does not result in
any significant modification of plasma ACTH or corticosterone
concentrations. It is possible that in normal mice glucocorticoid
receptor levels are sufficient to enable a maximal retroinhibi-
tory effect of circulating glucocorticoid hormones on the HPA
axis.

The precise molecular mechanism of action of antidepressant
drugs on glucocorticoid receptor gene expression remains to be
elucidated. The present demonstration of phenotypic changes
in the expression of the type II glucocorticoid receptor gene,
which is a key regulator of the HPA axis, caused by desipramine
suggests that the mechanism of action of this antidepressant
may be found at a more basic level than that of synaptic
transmissions. It remains to be determined whether this action
of antidepressant drugs is exerted directly or through other
trans-acting factors involved in regulation of the steroid recep-
tor gene expression.

Considering that HPA axis hyperactivity returns to normal
after successful antidepressant therapy of depression (17, 27,
28) and because neuronal glucocorticoid receptors are necessary
for the negative feedback action of glucocorticoid hormones on
the HPA axis to occur, we propose that the antidepressant-
induced increase in glucocorticoid receptor gene expression
could be a part of the mechanism whereby these agents restore
HPA axis sensitivity to circulating glucocorticoid hormones in
depressive illness. Recent work suggests that hypercortisolemia
may contribute to behavioral aspects of depressive illness (23,
29), and antidepressant-induced reversal of this state may thus
facilitate mood improvement. Our results, which indicate that
antidepressants can reverse the hormonal imbalance of the
transgenic mice, validate this animal model of the neuroendo-
crinological changes that accompany depression and suggest
that it could be valuable for development of new antidepres-
sants directed towards effects on HPA axis parameters.
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