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I. Introduction

PAST studies of antidepressants have focused almost ex-
clusively on their effects on the metabolism and recep-

tors of monoamine neurotransmitters in various brain re-
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gions. These studies have been extended to the molecular
effects of antidepressants and have led to a profoundly ex-
panded understanding of their actions in the central nervous
system. For example, long-term administration of antide-
pressants decreases the expression of tyrosine hydroxylase,
down-regulates cAMP-dependent protein kinase, modulates
the mRNA expression of central /3-adrenoceptors and sero-
tonin (5-HT) receptors, and alters the functional activity of
specific G protein subunits and adenylyl cyclase (1). Taken
together, these and many other recent observations clearly
indicate that antidepressants interfere not only with the pro-
duction and release of catecholamines and indolamines but
also with the signal transduction of those neurotransmitters
that have long been implicated in the pathogenesis and treat-
ment of depression.

More recently, additional target genes of antidepressant
treatment have been identified, the most intriguing being
those related to hypothalamic-pituitary-adrenocortical
(HPA) activity. Altered regulation of this neuroendocrine
system has been the subject of investigative efforts in de-
pression research since Gibbons (2) reported more than 30 yr
ago that plasma cortisol concentrations are elevated in de-
pression and are normalized after clinical remission. Nu-
merous clinical observations are consistent with the possi-
bility that there is a causal link between HPA dysregulation
and psychopathology (3). Recently, a large number of pre-
clinical studies have provided evidence pointing in the same
direction.

In this review we demonstrate how findings from the
clinical neuroendocrinology of depression have been trans-
lated into questions that can be addressed in more detail in
preclinical studies, and we also demonstrate how this con-
certed effort of clinical and preclinical researchers has clar-
ified the interactions of depression, HPA activity, and anti-
depressant drugs. The data that have emerged from these
efforts led us to conclude that disturbed corticosteroid re-
ceptor function plays a key role in the development of af-
fective disorders and in their treatment with antidepressants.

A. HPA regulation by neuropeptides and neurotransmitters

The central nervous system is the main controller of the
HPA system, whose activity is reflected peripherally in the
plasma concentrations of ACTH and corticosteroids (prin-
cipally cortisol in humans and corticosterone in rats and
mice) (4-6). The secretion of ACTH from pituitary cortico-
tropes is stimulated by the release into the portal blood
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system of CRH and arginine vasopressin (AVP) from par-
vocellular neurons in the paraventricular nuclei (PVN) of the
hypothalamus. At the pituitary level CRH binds at cortico-
trophic CRH (type I) receptors, triggering a cascade of en-
zymatic reactions that begins with stimulation of adenylate
cyclase and ultimately regulates POMC gene expression and
release of POMC-derived ACTH, lipotropins, and j3-endor-
phin into the circulation.

The receptor-mediated action of CRH is fine-tuned by
CRH-binding protein, whose mRNA and immunoreactivity
were found to be colocalized with ACTH immunoreactivity
in a majority of corticotrophic cells (7). CRH-binding protein
is also expressed in the cerebral cortex, subcortical limbic
system structures, and brain stem, which suggests that it may
also play a role in nonendocrine CRH effects. The effects in
the anterior pituitary are modulated not only by AVP but
also by other peptidergic factors (8). At the adrenocortical
level ACTH induces synthesis and release of corticosteroids,
which, in turn, exert negative feedback actions at almost all
levels of the HPA system. Over the past several decades the
above regulatory principle has been largely confirmed by
systemic, cellular, and molecular studies. However, the fine
tuning has turned out to be extremely complicated and is still
far from being fully understood. In this review we address
only those mechanisms that are relevant in the context of
depression-associated disturbances of the HPA system and
their interactions with antidepressants. For a more detailed
description of HPA physiology, the reader is referred to
several excellent reviews (4-6, 9-12).

Studies on neurotransmitter regulation now agree that
noradenaline (NA), 5-HT, and acetylcholine (ACh) enhance
the secretory activity of the HPA system, whereas y-ami-
nobutyric acid inhibits it (review in Ref. 10). The role of
central catecholamines was long a subject of controversy
until Plotsky (13) directly determined the CRH concentration
in hypophysial portal plasma after electric stimulation of the
ventral noradrenergic ascending bundle arising from the
brain stem. This intervention as well as intracerebroventric-
ular administration produced increased release of CRH, sup-
porting a stimulatory action of NA at the hypothalamic level
to elicit CRH. CRH, in turn, has a dual role as a hypothalamic
neurohormone, not only initiating the neuroendocrine re-
sponse to stress, but also acting as a neurotransmitter and
activating the locus coeruleus (LC), which is composed al-
most entirely of noradrenergic neurons (14). It is of interest
that the LC receives input from the PVN of the hypothalamus
from cells that are localized more dorsally than those that
receive minor noradrenergic input from the LC through a
polysynaptic pathway (15). Whereas this topographical or-
ganization argues against a direct reciprocal communication
between CRH neurons in the PVN and the LC, central ad-
ministration of CRH was found to increase the basal firing
rate of the LC (14). After restraint-stress the exploratory
behavior of mice is altered, and it was shown that such
adaptations are mediated by noradrenergic stimulation of
CRH release via an al-adrenoceptor (16). A stimulatory role
for NA via al-adrenoceptors has also been suggested by
studies employing methoxamine, a selective al-adrenocep-
tor agonist, which released ACTH and cortisol, an effect that
could be blocked by thymoxamine, an al-adrenoceptor an-

tagonist (17). A series of animal studies explored the effect of
5-HT on the HPA system, and they all support the notion that l

5-HT enhances HPA-secretory activity, mainly through
5-HT1A- and 5-HT2-receptors (18-20). Furthermore, stimu-
lation of muscarinic cholinergic pathways enhances HPA
activity, as shown by the ability of arecoline (a muscarinergic
agonist) to cause ACTH and corticosterone secretion in rats
(21). This effect is decreased by coadministration of the mus- -,
carinic cholinergic antagonist atropine and also by pituitary
stalk transection or anti-CRH administration, suggesting that
cholinergic agonist action on the HPA system involves cen-
tral CRH release.

B. Feedback regulation through corticosteroid receptors

The most important control mechanism of the HPA system
is an autoregulatory feedback by corticosteroids that can
inhibit ACTH secretion both directly and indirectly by rapid
(within minutes) and delayed (more than 2 h) effects (22).

The corticosteroid signal is transduced into cellular actions ,
through two different corticosteroid receptors, the miner-
alocorticoid receptor (type I, MR) and the glucocorticoid l

receptor (type II, GR). In the absence of ligand, the GR is
maintained in an inactive state, forming a heterooligomer
with immunophilins (23) or with heat shock proteins (HSP)
such as HSP 90, which, depending on the cellular content,
may direct GR-activated gene expression in a tissue-specific
way (24, 25). After ligand binding and dissociation from
HSPs, this receptor can bind DNA and act as dimeric tran-
scription factor, thereby increasing or decreasing the expres-
sion of glucocorticoid-responsive genes. Because HSP bind at
the ligand-binding domain, which has a high homology be-
tween GR and MR, a similar mechanism most likely applies
for both corticosteroid receptors. This dual receptor system
for a single class of hormones is advantageous in dealing '
with the manifold physiological functions of corticosteroids.
Under resting conditions, plasma cortisol levels undergo
characteristic circadian fluctuations, ranging from about 0.5
nM to 50 nM. Whenhomeostasis is disturbed by cognitive (e.g.
death of a partner) or noncognitive (e.g. infection) stressors,
the circulating levels of corticosteroids may rapidly exceed ,
100 nM. Thus, corticosteroid concentrations may fluctuate
over a wide range, and a single receptor system would not *
be capable of translating the hormone signal into an adequate
physiological response. With two different types of recep-
tors, a sufficiently flexible dynamic range is available. The
MRs, which bind corticosterone with high affinity, are lo-
calized particularly in neurons of limbic structures (hip-
pocampus, septum, septohippocampal nucleus, and amyg- t

dala) and mediate the tonic influence of corticosterone,
which is relevant for the circadian fluctuations, the sensitiv-
ity of the stress response, and the organization of the be-
havioral response to stress (6). The GRs are much more
widespread, although they too are found at high concentra- -
tions in the limbic system. GRs bind glucocorticoids with a
10-fold lower affinity than MRs, and their main functions in r

the brain are curtailment of stress-induced HPA hyperac-
tivity through inhibition of CRH, AVP, cytokine and POMC
synthesis, and facilitation of information storage in rats (6,
26). The hippocampus has also been implicated as a feedback
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site for corticosteroids because fornix transections disrupting
neuronal connections between the hippocampus and the
PVN reduce the sensitivity of CRH and AVP to corticosteroid
feedback (27). Inhibition of GR by RU 486 (28) and of MR by
the antimineralocorticoid canrenoate (29) enhances the se-
cretory activity of the HPA system in humans. It is of note,
however, that the plasticity of neuronal organization allows
a site of feedback action to be shifted to many areas outside
the PVN-corticotrope axis. This enables the brain to keep
HPA excess under control even if one of the major regulatory
systems, e.g. the hippocampus, is ablated (30).

Until recently it was believed that both types of steroid
receptors bind to glucocorticoid response elements (GRE) in
the regulatory region of target gene promoters as ho-
modimers (31-33). However, Trapp et al. (34) have now
shown that MRs and GRs are able to form a GRE-binding
heterodimeric complex with DNA-binding and transactiva-
tion properties different from those of the respective ho-
modimers (Fig. 1). MRs and GRs regulate overlapping sets of
genes, but their respective homodimers exert different tran-
scriptional potencies at various GRE-containing promoters
(35). Heterodimerization between MRs and GRs extends the
possibility of fine-tuned hormone-regulated gene expression
in all cells in which the receptors are coiocalized (36, 37). In
this context the rich endowment of the hippocampus with
both receptors coiocalized in pyramidal cells (38) is of interest
because this brain region is involved not only in HPA reg-
ulation but also in information processing, the latter often
being disturbed in states of aberrant HPA homeostasis
(39, 40).

C. HPA alterations in affective disorders

Prominent HPA abnormalities among patients with de-
pression are: 1) an increased number of ACTH-secretory
episodes combined with an increased magnitude of cortisol-
secretory episodes (41); 2) elevated urinary "free" cortisol
levels (42); and 3) elevated levels of cortisol and CRH in the
cerebrospinal fluid (43). In addition to these baseline alter-
ations, disturbed HPA regulation is also seen in several func-

tion tests: a single oral dose of 1-2 mg dexamethasone sup-
presses ACTH and various corticosteroids much less in
patients with depression than in healthy controls (44, 45).
Depending on the severity of depression, age, and normative
database used, 20-50% of the patients are defined as dexa-
methasone nonsuppressors. Although this phenomenon is
not specific for any clinical diagnosis, it has merit as a prog-
nostic tool (46). Another investigative tool became available
after ovine and human CRH were synthesized (47-49). In
response to a standard intravenous dose of human or ovine
CRH, depressives secrete decreased amounts of ACTH. De-
spite this blunted ACTH response, cortisol secretion re-
mained unchanged, indicating a functional hyperplasia of
the adrenocortical glands secondary to prolonged stimula-
tion by trophic ACTH (50, 51). A straightforward interpre-
tation of the blunted ACTH response to CRH in the presence
of hypercortisolism is that elevated baseline cortisol secretion
accounts for ACTH blunting via negative feedback. In sup-
port of this interpretation are studies in which depressed
patients were pretreated with metyrapone, which suppresses
cortisol biosynthesis at the adrenocortical level. The subjects
had normalized net ACTH output after CRH stimulation
despite elevated ACTH levels at baseline (52, 53). Other
possible factors that may contribute to decreased ACTH re-
lease after CRH infusion are CRH receptor desensitization of
corticotropes or altered processing and storage of ACTH
precursors leading to dissociation of the ACTH and j3-en-
dorphin responses in depression, possibly through differ-
ences in posttranslational processing, storing, and release
mechanisms (54). Another dissociation between coreleased
HPA hormones was observed at the adrenocortical level,
where cortisol release after CRH was normal but aldosterone
release was blunted (55), confirming different regulation of
the zona fasciculata (producing glucocorticoids) and the
zona glomerulosa (producing mineralocorticoids). The ob-
served decrease of the ACTH-cortisol ratio with ongoing
HPA hyperactivity points to development of adrenocortical
hyperplasia. This interpretation was recently confirmed by
Nemeroff et al. (56), who showed adrenal gland enlargement

FIG. 1. A model of mineralocorticoid (MR)
and glucocorticoid (GR) receptor-regulated
gene expression. Corticosteroids enter tar-
get cells by passive diffusion. In the cytosol
they bind to their cognate receptors, which
in conjunction with changes in their HSP
environment undergo conformational
changes. After intranuclear translocation,
the MR-MR, GR-GR homodimers or the
MR-GR heterodimer are constituted, de-
pending on the relative levels of MR and GR
and the concentrations of their ligands. The
different receptor dimers bind to GREs in
the flanking region of target genes with
unique DNA-binding kinetics and induce
transcription of hormone-regulated genes.
The different transcriptional activities and
DNA-binding kinetics of corticosteroid re-
ceptor dimers are represented by differently
colored arrows. [Derived from T. Trapp
et al.: Neuron 13:1-6, 1994 (34)].
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in major depression by computer tomography. In addition,
Rubin et al. (57) measured adrenal volumes by nuclear mag-
netic resonance imaging and found that patients with de-
pression had larger adrenals during depression than after
successful treatment. The hyperplasia is apparently limited
to the zona fasciculata of the adrenal cortex, which produces
glucocorticoids and regresses after hypophysectomy, an ef-
fect that is counteracted by repeated ACTH infusions. Fur-
thermore, central CRH may enhance sympathetic activity, an
effect that causes an increase in the rate of cortisol secretion
in response to ACTH (58-60). The possibility of an intra-
adrenal CRH-ACTH axis has received considerable interest
since several groups showed that CRH can be increased in
adrenals in response to hemorrhage in dogs and by sympa-
thetic nerve stimulation in calves (61, 62). Interestingly, the
adrenal CRH content is suppressed by cortisol and ACTH,
further pointing to an intraadrenal CRH-ACTH axis (63). The
major action of CRH on adrenal cortex is its enhancement of
ACTH-elicited corticosteroid synthesis and release (64, 65).
The intraadrenal CRH system in conjunction with altered
sympathetic activity may be altered in depression, resulting
in altered ACTH-cortisol ratios. Finally, N-terminal POMC-
derived peptides and efferent neural input may also con-
tribute to enhanced sensitivity of the adrenal cortex and to
its growth.

D. Combined dexamethasone-CRH test

Recently, a combination of dexamethasone suppression
and CRH stimulation has been used in psychiatric patients
with depression and other psychiatric diagnoses (66-74). The
surprising finding in this series of studies is that dexameth-
asone-pretreated patients show enhanced ACTH and cortisol
responses to CRH, which at first glance would be counter to
expectation because an inverse relationship between baseline
cortisol and CRH-elicited ACTH had been suggested earlier
(75). A comparison of the dose-response curves for depressed
patients and normal controls showed that patients need
higher dexamethasone dosages to suppress ACTH and cor-
tisol secretion after CRH infusion (S. Modell, A. Yassouridis,
and F. Holsboer, unpublished observations). Summarizing
broad clinical experience with the dexamethasone-CRH test,
Heuser et al. (76) concluded that the sensitivity (i.e. likelihood
to differentiate normal from pathological state) of this test is
about 80% and greatly exceeds that of the standard dexa-
methasone suppression test (20-50%). Endocrine laboratory
tests are usually interpreted in relation to the patient's age.
If psychiatric patients are clustered into different age groups,
the sensitivity of the dexamethasone-CRH test can be in-
creased even further, to above 90%, making this test a prime
candidate for laboratory characterization of mentally ill pa-
tients (76). Of course, this test was never intended as a di-
agnostic laboratory test for psychiatric conditions (77). Pre-
liminary data suggest that the combined dexamethasone-
CRH test may also be of value in differentiating Cushing's
syndrome from pseudo-Cushing's states (78) and in unveil-
ing subtle HPA disturbances in patients with multiple scle-
rosis (79), in elderly endurance athletes (80), and in patients
with Alzheimer's disease, who had decreased cortisol
response (81).

II. Pathophysiology of Underlying Altered HPA
Regulation in Depression

Our current understanding of the mechanisms involved in
depression-related HPA alteration has greatly benefited
from preclinical stress research, mainly in rats, and from
access to refined laboratory tools. Although there is com-
pelling evidence that CRH hypersecretion drives the HPA
system in depression, even very high dosages of the homol-
ogous human CRH do not produce dexamethasone nonsup-
pression in normal men to a degree seen in depression (82).
However, when CRH was administered to normal subjects
who had been pretreated with dexamethasone and vaso-
pressin, hormone responses were indistinguishable from
those of dexamethasone-pretreated depressives stimulated
with CRH only (82). This circumstantial evidence led us to
postulate that vasopressin, which alone is only a weak secre-
tagogue at the pituitary corticotropes, is elevated in portal
blood of patients with depression and may thus potentiate
the effect of endogenously released or exogenously admin-
istered CRH, or both (67).

Preclinical studies showed that CRH in combination with
AVP acts potently to release ACTH and is less sensitive than
CRH alone to inhibition by glucocorticoids (83). Chronic
stress increases 1) the number of CRH cells that colocalize
AVP (84, 85); 2) AVP colocalization in CRH-containing ves-
icles (86); and 3) AVP content in the zona externa of the
median eminence (84, 87, 88). Thus, under chronic stress the
action of CRH at corticotropes is enhanced by increased
coexpression and release of AVP, rendering the pituitary and
higher centers less sensitive to corticosteroid feedback. All
the studies that indirectly implicate enhanced AVP release
were done in rats, but a recent study by Raadsheer et al. (89)
provided direct evidence that the preclinical observations are
transferable to the clinical condition. These authors found
that the hypothalamic PVNs of severely depressed patients
contained 4 times as many CRH-expressing neurons and 3
times as many CRH neurons coexpressing vasopressin as the
PVNs of healthy controls. The same Dutch group also
showed that the number of AVP-immunoreactive neurons in
the PVN of depressed patients is increased and that more
CRH neurons in this brain area colocalize AVP (90). The
observation, that hypercortisolemic depressives secrete less
ACTH than healthy controls in response to CRH alone but
hypersecrete ACTH in response to CRH if pretreated with
dexamethasone, reflects the pharmacological differences be-
tween endogenous corticosteroids and synthetic dexameth-
asone. Dexamethasone efficiently exerts feedback effects in
corticotropes but is not as effective as naturally occurring
corticosteroids at suprapituitary sites (91, 92). Thus, to a
certain extent, the brain feedback sites are deprived of their
natural feedback signal, which is similar to what happens
after adrenalectomy and may lead to an increase in the ex-
pression and release of CRH and AVP from CRH neurons.

These clinical and preclinical studies strongly suggest that
impaired glucocorticoid feedback is involved in depression,
and this view is amplified by a study of Young et al. (93), who
administered cortisol intravenously to depressives and
found the fast feedback component of pituitary response to
be insensitive. Because the HPA system is a highly complex
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closed loop, these studies did not reveal whether defunct
corticosteroid sensitivity is the primary cause of HPA hy-
perdrive or whether increased drive of CRH and vasopressin
release and exaggerated ACTH secretion increased cortico-
steroid levels to a degree that subsequently led to cortico-
steroid receptor down-regulation in the limbic brain.

III. HPA Alteration in Healthy Controls at Genetic
Risk for Depression

In recent studies on healthy subjects who had never suf-
fered from minor or major psychiatric illness, but who were
members of families highly loaded with depression, several
neurobiological signs of depression were found to be present,
including the response to die dexamethasone-CRH test (94).
In comparison to a control group a much higher proportion
of these subjects at genetic risk for depression showed an
excessive cortisol response resembling the secretion profiles
obtained from depressives (Fig. 2).

Neither these individuals nor those who had already suf-
fered from a depressive episode and were investigated after
full remission had abnormal cortisol secretion at baseline
(95), making a primary functional defect of corticosteroid
signal transduction more likely as the cause of HPA alter-
ation in depression than a primary CRH and/or AVP hy-
perdrive. In the latter case basal hypercortisolism should be
present in a high-risk population as well as in remitted pa-
tients with depression. In the presence of hypercortisolism
the decreased corticosteroid receptor function would be sec-
ondary to a disturbance in the regulation of CRH and CRH/
AVP neurons that is different from corticosteroid-mediated
inhibition. The relevance of this finding, however, must
await clarification of whether those individuals from a high-
risk population who present with abnormal dexamethasone-
CRH test results are indeed at higher risk for developing the
disease than those who have normal test results.

IV. HPA Disturbances in Relation to Causality of
Depression

A. The role of natural and synthetic corticosteroids

If corticosteroids are administered for medical reasons, e.g.
for arthritis or as adjuvants to chemotherapy, a number of

FIG. 2. Plasma ACTH and cortisol re-
sponse to a combined dexamethasone-
CRH challenge (expressed as mean ± SE)
in 47 probands with high familial risk for
major depression (high risk probands),
in 20 healthy control probands, and in 18
patients with a current episode of major
depression. The plasma cortisol curve
shows that dexamethasone-pretreated
high risk probands have a higher secre-
tory response to CRH than matched con-
trols, while their ACTH output remains
unaltered. [Reproduced with permission
from F. Holsboer et al.: Neuroendocri-
nology, 62:340-347,1995 (94). S. Karger
AG, Basel.].

behavioral symptoms such as mood lability, depression, dis-
turbed sleep, cognitive disturbances, and even psychosis
may occur. Likewise, patients with Cushing's syndrome,
induced pharmacologically or by pituitary or adrenal tu-
mors, have high psychiatric morbidity (96). Two thirds of
these patients have psychopathological features quite similar
to those seen in major depression, and approximately 10%
attempt suicide. These findings raised the possibility that
increased corticosteroid secretion in depression may con-
tribute directly to some of the symptoms. From more specific
studies in which synthetic corticosteroids were administered
to normal controls, evidence emerged that these hormones
may induce memory deficits in humans. Wolkowitz et al. (97,
98) administered dexamethasone and prednisone to de-
pressed patients and controls and recorded transient mem-
ory deficits involving increased errors of commission (i.e.
incorrect recall of distracter words along with correct recall
of target words). Moreover, Newcomer et al. (99) noted an
impairment of verbal declarative memory performance in
healthy subjects receiving a brief low-dose dexamethasone
treatment. Lupien et al. (100) also reported that in a subgroup
of subjects between 60 and 80 yr of age those with a signif-
icant increase in plasma cortisol levels over a period of 3-6
yr were impaired on tasks measuring explicit memory and
selective attention compared with elderly subjects with a
decrease in plasma cortisol concentrations. Finally, Heuser et
al. (74, 80) studied elderly marathon runners and found that
those who showed exaggerated cortisol secretion in the dexa-
methasone-CRH test also had cognitive impairment. Taken
together, these studies demonstrate that changes in cortico-
steroid receptor activation do, in fact, induce changes in
memory function. It is still unclear whether these changes are
direct effects of synthetic steroids on corticosteroid receptors
or indirect effects through depriving central (mainly hip-
pocampal) corticosteroid receptors of their naturally occur-
ring ligands (see above), thus creating an imbalance in the
MR/GR homeostasis (6). Another intriguing approach to
challenging the hypercortisolism of depression as a causative
factor is to treat depressed patients with corticosteroid-
suppressive drugs (97, 101, 102) or corticosteroid receptor
antagonists. Today only preliminary data are available point-
ing to beneficial effects of such interventions. However, the
drugs employed (ketoconazole, aminoglutethimide, me-

1400 1500 1600 1700 1800 Time 1400 1500 1600 1700 1800 Time

2300 h previous night
1.5 mg Dexamethasone

2300 h previous night
1.5 mg Dexamethasone

Depressed Patients
High-Risk Probands
Controls
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tyrapone, mifepristone) induce so many other unspecific ef-
fects at various sites, including the central nervous system,
that their use to study the direct effects of cortisol suppres-
sion on depression is limited. For example, the combined
antagonist of progesterone and glucocorticoid receptors,
mifepristone (RU 486), produces deterioration of the phys-
iological sleep architecture, thus mimicking one of the car-
dinal symptoms of depression (103).

B. Preclinical evidence for the CRH hypothesis of depression

After isolation and sequencing of ovine and human CRH
(26-28), a large number of studies were conducted exploring
the behavioral effects of CRH in rodents and primates after
central administration of this neuropeptide. In aggregate,
these studies strongly support the view that a central hy-
peractivity of CRH neurons is involved in the triggering and
maintenance of several psychiatric disorders, including de-
pression (reviews in Refs. 12 and 104). When centrally in-
jected, CRH not only activates the secretion of ACTH, but
also seems to coordinate the behavioral response to stress. As
summarized by Dunn and Berridge (105), almost all behav-
ioral investigations suggest that CRH acts as an anxiogenic
and possibly anorectic neuropeptide. These studies have in-
volved neuropeptide administration, usually in high doses,
and use of a peptidergic CRH antagonist (a-helical CRH
9-41) or benzodiazepines (106-113). Recently, the sugges-
tion that CRH is anxiogenic has been amplified by admin-
istration of CRH antisense oligodeoxynucleotides, which in-
duced anxiolytic effects (114), and a study by Stenzel-Poore
et al. (115) in which transgenic mice overexpressing CRH
were found to exhibit an increase in anxiogenic behavior in
conjunction with Cushing's syndrome (116). Because of the
close functional interrelationship between the noradrenergic
LC and the hypothalamic CRH neurons (14,15), it is tempting
to speculate that stress-induced LC activation leads to in-
creased CRH neuron activity, which in turn feeds back to
increased LC firing. Thus, under stressful conditions the
behavioral adaptation includes, at least in part, coactivation
of CRH and LC neurons through polysynaptic pathways.

Transgenic mice heterozygous for CRH deficiency, as re-
cently described by Muglia et al. (117), may provide a tool to
further study the role of CRH in stress-related behavior and
also the mechanism at the CRH and corticosteroid receptor
levels developed to compensate for the genetic defect. The
recent cloning and characterization of receptors for CRH
revealed the existence of at least two distinct subtypes in the
brain (CRHa and CRH2 receptor), the latter existing in two
different splice variants (118-120). Both the CRHr and
CRH2-receptor have a 70% overall sequence identity and a
distinct pharmacology, with CRH having a lower potency for
the CRH2 receptor (121). Whereas the CRHj receptor is more
widely distributed, the CRH2 receptor is mainly expressed in
the limbic brain, suggesting that the two receptors are dif-
ferently involved in mediating central effects of CRH. Both
receptors are potential targets for a new generation of anti-
depressants acting directly at CRH receptors by antagoniz-
ing the effect of CRH. Suppressing the translation of CRHj
receptor mRNA by administration of a specific oligode-
oxynucleotide antisense probe into the central amygdala or

intracerebroventricularly produced anxiolysis in rats, which
is in agreement with a CRHj receptor-mediated effect of v

CRH-elicited anxiety (122,123). A study by Fuchs and Fliigge
(124) provided evidence that CRH binding is modulated by
psychosocial stress in various brain regions in male tree
shrews (Tupaia belangeri). These changes in CRH binding
occurred also in extrahypothalamic regions thought to be
involved in behavioral rather than in neuroendocrine re-
sponse to stress, e.g. frontal and cingulate cortex, amygdala,
and chorioid plexus.

Whereas animal studies provide good evidence for an
involvement of CRH in behavioral states and the results are
consistent with an anxiogenic effect of CRH, the evidence ,
that increased CRH secretion is also related to psychiatric
morbidity is derived from correlations rather than from di-
rect evidence. Only the availability of specific CRH receptor
subtype antagonists that can be administered therapeutically
will provide a conclusive answer to the question of whether
CRH is causally linked to the development and course of
depression. In depressed patients the number of CRH neu- '
rons colocalizing AVP is increased (90), which is in agree-
ment with neuroendocrine data (67). Recently, Landgraf et al.
(125) showed that decreasing the number and function of
septal vasopressin receptors (Vx) by local injection of anti-
sense oligodeoxynucleotides to the Vt receptor subtype
mRNA reduces anxiety-related behavior in rats. This finding
can be taken as additional evidence that overactive CRH and
AVP neurons and those coexpressing both neuropeptides act
in concert to produce the signs and symptoms prevalent in
depression.

V. Corticosteroid-Induced Modulation of
Neurotransmission and Signal Transduction

A. Effects on CRH, AVP, and POMC

One of the most elaborate central actions of corticosteroids
is the finely-tuned regulation of their own secretion that
involves the limbic system and the pituitary. After activation
by a cognate ligand, corticosteroid receptors dimerize and
bind to GRE in the regulatory region of target gene promoters
activating transcription. The effects of glucocorticoids on the
expression of the CRH gene are different in different tissues.
In the human placenta, for example, glucocorticoids enhance
CRH gene expression (126). The effects of glucocorticoids on
CRH expression in the brain are particularly complex. Glu-
cocorticoid administration in the rat increases CRH mRNA
levels in the central amygdala, in the magnocellular (oxyto-
cinergic) neurons, and in descending neurons of the PVN
(127). CRH expression in the olfactory bulb, midbrain, frontal
cortex, and brain stem seems to be less susceptible to corti-
costeroid fluctuations (128). At the parvocellular neurons
that fuel the portal vessels via projections to the median
eminence, glucocorticoid administration decreases and adre-
nalectomy increases CRH mRNA levels (129).

Expression of the CRH gene is apparently different across
areas to optimally subserve its various functions. The mech-
anism governing changes in CRH gene expression is not yet
fully understood. Involvement of the protein kinase A path-
way is well documented as cAMP increases CRH secretion
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from perfused rat hypothalami, and adenylyl cyclase acti-
vation by forskolin increases the expression and secretion of
CRH from primary hypothalamic cell cultures (130). A study
that used AtT-20 cells, transfected with the human CRH
promoter, suggested that this promoter contains a cAMP
response element because cAMP induced the transcriptional
activation of a CRH promoter-driven reporter gene con-
struct (131). Spengler et al. (132) identified and characterized
a perfect consensus cAMP response element in the
CRH 5'-flanking sequence and demonstrated its functional
significance.

The mode by which glucocorticoids suppress activation of
the CRH gene is not clear and may involve physical protein-
protein interactions (133-137). For example, interaction of
ligand-activated GR with the c-jun component of the AP-1
complex or with RelA protein, a nuclear transcription factor
regulating expression of genes relevant during inflamma-
tion, has recently been shown to confer suppressive effects of
glucocorticoids on gene expression (133, 136).

The expression of AVP is also under glucocorticoid con-
trol, as shown by Fink et al. (138), who adrenalectomized
female rats and measured CRH and AVP in portal blood.
Both CRH and AVP were increased, and, in comparison to
endogenous corticosteroids, dexamethasone had a much
more pronounced effect on AVP under these experimental
conditions. Likewise, AVP mRNA in the posterior magno-
cellular subdivision of the PVN is increased by adrenalec-
tomy and this increase can be prevented by dexamethasone
treatment (139). More recently, several studies suggest that
CRH and AVP receptor expression are also regulated by
corticosteroids (140-143).

At the pituitary level, glucocorticoids decrease secretion of
prestored ACTH and POMC gene expression (144). Since
glucocorricoid-induced repression of POMC gene expression
appears to be primarily at the transcriptional level, it is likely
that DNA sequences of the POMC gene mediate this effect.
Drouin et al. (145) localized POMC promoter sequences re-
sponsible for glucocorticoid repression of transcription and
identified a negative GRE.

B. Neurotransmitters

Corticosteroids exert a variety of effects on neurotrans-
mission by biogenic amines and amino acids. Early work by
Mobley and Sulser (146) showed that in slices from the fron-
tal cortex of rats the NA-induced cAMP accumulation was
enhanced by adrenalectomy. Later on it was demonstrated
that glucocorticoids regulate the j3-adrenocepter system by
controlling the rate of gene expression and may thus mod-
ulate actions of catecholamines that act through these recep-
tors (147-149).

Whereas 5-HT has long been known to stimulate the HPA
system, more recent studies have shown that corticosteroids
may also act at 5-HT receptors. Kuroda et al. (150) showed
that 5-HT1A receptor binding in rats was increased in the
hippocampal CA2-CA4 subfields and the dentate gyrus 1
week after adrenalectomy, which was prevented by aldo-
sterone. In a different set of experiments, Chalmers et al. (151,
152) adrenalectomized rats and found 5-HT1A receptor
mRNA increased in all hippocampal subfields, which agrees

with reported alterations of 5-HT1A receptor binding in re-
sponse to stress. The effect of adrenalectomy on 5-HT1A re-
ceptor gene expression was reversed by dexamethasone, but
only in the CA2 subfield and the dentate gyrus, which con-
tains the highest GR density. The mutual interaction between
5-HT and corticosteroid receptors in the brain was initially
studied by de Kloet and co-workers, who first showed that
corticosterone controls 5-HTj receptor regulation in the ra-
phe hippocampal formation (153, 154). Electrophysiological
studies amplified this link by showing that MR agonist ad-
ministration to brain slices taken from adrenalectomized rats
blocks 5-HT-induced hyperpolarization of CAT pyramidal
neurons, possibly by acting on the coupling of the 5-HT1A

receptor to its target G protein (155). Not only 5-HT recep-
tors) but also the ligand 5-HT is, at least to some extent,
under regulatory control of corticosteroids as the level of
tryptophan hydroxylase in serotonergic raphe nuclei is
higher in adrenalectomized rats given dexamethasone than
in control rats (156).

The possibility that prolonged corticosteroid hypersecre-
tion produces a wide range of changes including patholog-
ical adaptation to stress and immune function (157, 158)
raised the question of what mechanism may mediate the
glucocorticoid-elicited increase in the vulnerability of neu-
rons to noxious insults such as hypoxia or hypoglycemia. A
decreased energy supply, e.g. ischemia, increases the levels
of excitatory amino acids, which activate N-methyl-D-aspar-
tate receptors and increase influx of calcium ions into neu-
rons, thereby promoting subsequent cell death. Glucocorti-
coids exacerbate this cascade, increasing the vulnerability of
the neurons to various insults that are associated with in-
creased levels of excitatory amino acids (159, 160) and de-
creased intraneural ATP (161).

C. G proteins

Guanine nucleotide-binding proteins (G proteins) play a
central role in coupling membrane receptors to various in-
tracellular effector systems. Recently it was shown that G
proteins are also targets of glucocorticoids (162, 163). Cor-
ticosterone administration to rats increased those G proteins
(Gsa) that stimulate adenylyl cyclase and decreased those G
proteins (G{) that inhibit this enzyme in response to neuro-
transmitter binding at G protein-coupled receptors. Adre-
nalectomy produced opposite effects, suggesting that these
G proteins, essential for intracellular signal transduction, are
regulated in part by corticosteroids. Interestingly, long-term
treatment with antidepressants affects G protein a-subunits
in specific ways, which may have implications for their ef-
ficacy (164, 165).

D. Neurotrophins

The neurotrophins, a different kind of transmitter effector
system, also mutually interact with corticosteroids. Nerve
growth factor may act not only as a trophic hormone for
nerve fibers, but also as a mediator of stress response. It
stimulates the pituitary-adrenocortical system (166, 167) by
elevating AVP (168). Lindholm et al. (169) demonstrated that
nerve growth factor synthesis is differentially regulated in
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neurons and astrocytes by dexamethasone. Recently,
Kononen et al. (170) suggested that brain-derived neurotro-
phic factor (BDNF) might have a modulatory effect within
the rat pituitary. The expression of BDNF in the pituitary
seems to depend on adrenocortical steroids in a complex way
as both dexamethasone treatment and adrenalectomy pro-
duced decreased BDNF mRNA levels pointing to a role of
MR. Immobilization stress in rats reduced BDNF mRNA
levels in the dentate gyrus and CA3 and CAX hippocampal
layers but not its receptor (trkB) (171). Corticosteroids are
probably involved in these effects as they can reduce BDNF
mRNA levels in the dentate gyrus, but not in CA3 and CAj
pyramidal layers, which suggests that stress-elicited corti-
costerone does not bear sole responsibility for decreased
BDNF expression.

These findings suggest that mechanisms involved in stress
regulation can induce changes in neurotrophic factor expres-
sion. This may have consequences for neuronal survival,
particularly in the hippocampus, where both BDNF and cor-
ticosteroid receptors are highly concentrated. In this context,
it is of note that antidepressants were reported to increase
levels of BDNF mRNA in the frontal cortex and in the limbic
brain. This could contribute to antidepressant-induced long-
term effects on neural plasticity and hence possibly coun-
teracts the stress-elicited BDNF decrease.

E. Nitrogen oxide

Recently, evidence has been found for a possible role of
nitrogen oxide (NO) in neuroendocrine mechanisms as NO
inhibits the release of CRH and AVP in vitro (172, 173). The
expression of the enzyme responsible for NO synthesis, NO
synthase, is inhibited by glucocorticoids (174).

In summary, these few selected examples demonstrate
that glucocorticoids exert a wide range of diverse effects on
central nervous system function, all of which may play a role
in the development of affective illness. In turn, antidepres-
sants, by interfering with HPA regulation, may have many
still unrecognized effects at many levels of brain activity.

VI. Effects of Antidepressants on HPA Function

A. Acute in vivo effects

The neurotransmitter/receptor systems involved in HPA
regulation are identical to those affected by most antidepres-
sants. The initial action of these serendipitously discovered
drugs is either blockade of reuptake transporters that clear
released neurotransmitters from the synaptic cleft or inhibi-
tion of neurotransmitter degradation in the presynaptic ter-
minal. Because antidepressants act on these neurotransmit-
ters and are clinically effective in treatment of depression, it
was long thought that defunct aminergic neurotransmission
was the cause of depression. This hypothesis seemed exper-
imentally testable because administration of antidepressants
produces changes in hormone secretion, and comparing the
endocrine effects in depressives with those in healthy sub-
jects promised to provide insight into the neurotransmitter/
receptor disturbance underlying depression (a "window to
the brain").

When administered intravenously, intraperitoneally, or
orally to healthy human subjects, desipramine, primarily
blocking NA uptake, produces activation of the HPA system
in a dose-dependent fashion (175). Asnis et al. (176) observed
that after intraperitoneal administration of 75 mg desipra-
mine, depressives secreted less cortisol than control subjects.
Since the cortisol response to desipramine was diminished
by prazosin (al-adrenoceptor agonist) and unaffected by
yohimbine (a2-adrenoceptor antagonist), propranolol (j3-ad-
renoceptor antagonist), and methysergide (5-HT receptor an-
tagonist), it was concluded that desipramine acts primarily
at al-adrenoceptors (177). Although Asnis et al. (176) did not
report plasma ACTH concentrations and did not take the
depression-related changes in adrenocortical sensitivity (see
above) into account, their finding of a blunted cortisol re-
sponse to desipramine in depression is also suggestive of an
al-adrenoceptor deficit. In rats, desipramine and other an-
tidepressant drugs are also capable of activating the HPA
system (178, 179).

Another selective NA reuptake inhibitor that increases
ACTH and cortisol in men is oxaprotiline. This antidepres-
sant drug exists as a racemic mixture, with only the S(+)-
enantiomer being active as an NA-reuptake inhibitor (180).
Steiger et al. (181) compared the S(+)-oxaprotiline enanti-
omer with the inactive R(-)-enantiomer, which is devoid of
actions at monoamine reuptake transporters and postsyn-
aptic cAMP-binding proteins (182). As illustrated in Fig. 3,
the S(+)-enantiomer, but not the R(-)-enantiomer, proved
effective as an activator of the HPA system in controls (181).
Parenthetically, these authors predicted that only the neu-
roendocrinologically active compound would also be clini-
cally effective, which ultimately proved true. Furthermore,
the mixed 5-HT-NA reuptake inhibitor clomipramine en-
hances ACTH and cortisol release in men, an effect that was
less pronounced in depressives (183). In this case the
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FIG. 3. Plasma cortisol concentration curves after oral administra-
tion of 75 mg S(+)- or 75 mg R(-)-oxaprotiline (OXP) to 14 healthy
male human controls. Results expressed in mean ± SE indicate that
only the NA reuptake-inhibiting stereoisomer S(+)-OXP enhances
cortisol secretion. [Reproduced with permission from A. Steiger et al.:
Eur Neuropsychopharmacol 3:117-126, 1993 (181).]
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combined effects of NA and 5-HT reuptake inhibition may
have contributed, as is the case with venlaflaxine, which
along with other actions also inhibits reuptake transporters
of both neurotransmitters and activates the HPA system
(184).

The role of 5-HT as a stimulator of HPA activities in human
controls and psychiatric patients has been elaborated upon
by studies that used fenfluramine, which releases 5-HT and
also blocks its reuptake. When fenfluramine is administered
to healthy men, ACTH and cortisol levels are elevated, and
this effect can be suppressed by cyproheptadine, a 5-HT
antagonist (185). When rats are treated with fenfluramine
they have increased CRH release, which not only activates
ACTH and corticosterone but, through its anorexic effect,
may also reduce body weight (186). 5-HT has proven to be
a potent stimulator of CRH release, and therefore it would
be expected that antidepressants acting selectively at 5-HT-
reuptake transporters would activate the HPA system. For
example, the portal plasma CRH concentration in rats treated
with fluoxetine, a 5-HT-reuptake inhibitor, is found to be
increased (187). In men, administration of various selective
5-HT-reuptake inhibitors also activates the HPA system, al-
though to varying extents, because metabolites derived from
the drugs may counteract the initial effect (188, 189). Lesch
et al. (190, 191) have administered various dosages of ipsa-
pirone, a 5-HT1A receptor agonist, to men and have found
that it can activate the HPA system in humans. This effect is
decreased by the nonselective |3-adrenoceptor and stereo-
selective 5-HT1A antagonist pindolol. Because betaxolol, a
selective j31-adrenoceptor antagonist, did not alter HPA ac-
tivity, these authors concluded that the 5-HT activation of the
HPA system mainly involves a 5-HT1A receptor-mediated
effect. The ACTH and cortisol response to ipsapirone was
suppressed in depression, and therefore the authors also
suggested that 5-HT1A receptors or associated postreceptor
signaling pathways are subsensitive in these patients.

B. Long-term in vivo effects

Whereas it seems firmly established that antidepressants
and the HPA system strongly interact at a regulatory level,
much less is known about how these interactions relate to the
clinical effectiveness of the drugs. Longitudinal studies in
which depressed patients who were dexamethasone non-
suppressors were retested weekly suggested that a return to
dexamethasone suppressibility of plasma cortisol levels pre-
cedes resolution of depressive psychopathology (192-195).
In turn, persistence of dexamethasone nonsuppression
proved to be associated with a less favorable prognosis (re-
view in Ref. 46). Similarly, serial administration of combined
dexamethasone-CRH-test corroborated the finding that nor-
malization of initial HPA alteration is associated with anti-
depressant-induced clinical improvement (55, 69, 70, 74). In
addition, drug-free patients with severe depression have
higher rates of HPA abnormality than equally depressed
patients under antidepressant treatment. These findings and
the finding by De Bellis et al. (196) that antidepressants some-
times may reduce CRH levels in human spinal fluid suggest
that, in contrast to their acute effects, long-term administra-
tion of antidepressants may suppress the HPA system, which

raises the possibility that lowering HPA activity and clinical
response are causally related (3).

The observation that trimipramine, which is devoid of
actions on the 5-HT and NA systems but potently decreases
HPA activity, also is a clinically effective antidepressant is
evidence in this direction (70). Furthermore, tianeptine, a
tricyclic molecule that enhances 5-HT uptake, thus acting
opposite to the new generation of selective 5-HT reuptake
inhibitors, reduces HPA activity. Tianeptine's profile in an-
imal models, sensitive to antidepressants, was indicative of
antidepressant activity (197, 198), and preliminary clinical
studies suggest that it may have beneficial effects in clinical
depression (199).

Normally, antidepressants exert acute neuroendocrine ef-
fects within minutes or hours, whereas their clinical effect on
psychopathology is not usually fully evident for 2 weeks, and
it often takes as long as 5-8 weeks. This suggests that the
neurotransmitter reuptake inhibition only initiates a cascade
of events, the final result being numerous metabolic changes
including dampening of the HPA system. In line with this
notion are the results of several studies in rats treated with
antidepressants at dosages and for time periods that corre-
spond to the clinical condition. Reul et al. (200, 201) studied
the time course of MR and GR concentrations in selected
brain regions and the pituitary of rats treated with amitrip-
tyline, a tricyclic compound that blocks effects at 5-HT- and
NA-reuptake transporters and has an anticholinergic action,
or with moclobemide, a reversible inhibitor of monoamine
oxidase-A. Both drugs increased levels of hippocampal MR
transiently by 40-70% between 2 and 5 weeks after the start
of treatment. GR levels were also initially increased. In par-
allel, markedly decreased CRH binding capacity and POMC
mRNA content were observed in the anterior pituitary.
Moreover, adrenal weight decreased, which is in agreement
with lowered ACTH and corticosterone secretion after long-
term treatment with amitriptyline or moclobemide. In ad-
dition, rats exposed to stress induced by a novel environment
secreted more ACTH and corticosterone than rats treated
either with amitriptyline or with moclobemide (Fig. 4), which
may provide an explanation for the prophylactic effect of
antidepressants, possibly buffering stress-elicited HPA hy-
peractivation. These findings agree with those of Shimoda et
al. (179), who showed that long-term treatment with various
tricyclics (desipramine, clomipramine, or imipramine) can
suppress plasma ACTH and corticosterone secretion in rats.
Kitayama et al. (202) treated rats for 2 weeks with imipramine
and found GR immunoactivity to be increased in the LC and
the nucleus raphe magnus, and they suggested that antide-
pressants may help to maintain GR function in NA and 5-HT
neuron-containing cell groups. This hypothesis is of consid-
erable interest because the hippocampus, implicated in neu-
roendocrine and cognitive symptoms of depression, receives
ample noradrenergic and 5-HT innervations. In line with
these findings is a report by Seckl and Fink (203) showing
that, after 2 weeks, tricyclic antidepressant treatment leads to
increases in both GR and MR mRNA expression in adult rat
hippocampus. No changes in corticosteroid receptor mRNA
levels were found in the parietal cortex. As did Reul et al.
(200), who measured receptor levels, Seckl and Fink (203)
also found MR expression to be the earliest change during
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FIG. 4. Effect of long-term treatment with amitriptyline (4.5 mg/kg/day) or moclobemide (4.5 mg/kg/day) for 5 weeks to rats upon their plasma
ACTH and corticosterone (CORT) levels after 30-min novel environment stress. Both antidepressant treatments suppress the stress-elicited
hormone secretions. [Reproduced with permission from J. M. H. M. Reul et al.: Endocrinology 133:312-320,1993 (200) © The Endocrine Society; >
and J. M. H. M. Reul et al.: Neuroendocrinology 60:509-519, 1994 (201). S. Karger AG, Basel.]

amitriptyline treatment. Further, Brady et al. (204), measur-
ing mRNA levels of CRH in the PVN, of tyrosine hydroxylase
(TH) in the LC, of MR in the hippocampus, and of GR in the
anterior pituitary in rats treated with desipramine found
expression of CRH, TH, POMC, and anterior pituitary GR to
be decreased, whereas MR mRNA was increased. These au-
thors suggested that the combined decrease in TH and CRH
expression might be involved in the therapeutic efficacy of
desipramine. Earlier investigations had also suggested that
antidepressant treatment might counteract stress-induced el-
evations in NA and its metabolites and reduce levels of TH
mRNA and protein in the LC (205-207), which would be of
interest since the LC cell firing rate can be enhanced by CRH.
Furthermore, TH levels that are elevated in rats in response
to chronic stress normalize after long-term treatment with
imipramine (208). Thus, if it can be shown that the observed
antidepressant reduction in CRH mRNA after various anti-
depressants (209) is translated into reduced functional pro-
tein levels and not counteracted by CRH receptor adapta-
tions, some antidepressants may indeed act not only by
decreasing noradrenergic cell activity but also, directly or
indirectly, by reducing CRH neuronal hyperactivity (3).

McEwen and co-workers (210) showed that repeated re-
straint stress in rats for 3 weeks causes changes in the hip-
pocampal formation that include suppression of 5-HT1A re-
ceptor binding, atrophy of dendrites of CA3 pyramidal
neurons, and impairment of initial learning in the radial arm
maze task. Similar effects are induced also by corticosterone.
Both the stress-induced changes and those induced by cor-
ticosterone are prevented by tianeptine, a drug with reported

effects as enhancer of 5-HT reuptake in the hippocampus
(211) and as suppressor of HPA activity (198). Apparently,
quite different pharmacological effects can act clinically to
improve depression, suggesting that depression can be
caused by different etiologies that all ultimately produce
impaired HPA function. Correcting this neuroendocrine
change through therapeutic interventions seems to be clin-
ically beneficial whatever the primary etiology might have
been.

C. In vitro studies

After long-term administration, antidepressants are noto-
riously unspecific and interact with a wide range of systems.
In this section we confine ourselves to the hypothesis that
antidepressants act by increasing corticosteroid receptor ca-
pacity and function, thus optimizing the feedback response
to stress-evoked corticosteroid surges.

Pepin et al. (212) treated primary cultures of rat brain
hypothalamic neurons for 48 h with maprotiline (a tetra-
cyclic antidepressant acting as inhibitor at the NA re-
uptake transporter), desipramine (an NA reuptake inhib-
itor), and amitriptyline (an inhibitor of both 5-HT and NA)
and found GR mRNA to be increased. This change was
also seen in the amygdaloid complex with all three anti-
depressants. In the cortex only desipramine and amitrip-
tyline, but not maprotiline, increased GR mRNA levels.
Measurements of antidepressant-induced changes in
glucocorticoid sensitivity were possible in LTK~ fibroblast
cells (Fig. 5) or mouse Neuro2A neuroblastoma cells
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TABLE 1. Increased GR gene and glucocorticoid-sensitive gene
activities following treatment of mouse neuroblastoma cells with
antidepressant

Gene activity % Increase
(mean ± SEM)

A. GR-CAT activity
B. GR mRNA/0-ACTIN mRNA
C. MMTV-CAT activity

79.1 ± 12.5 (n = 12)
72.5 ± 28.5 (n = 3)
86.2 ± 10.5 (n = 14)

The following gene activities were measured in untreated and
antidepressant-treated (desipramine, 10~6 M, for 24 h before assay)
Neuro 2A neuroblastoma cells: A. GR gene expression was determined
in cells transfected with CAT under control of a 2.7-kb fragment of the
GR gene promotor. B. The ratio of GR mRNA to that of 0-ACTIN
mRNA was measured by Northern blotting. C. The transcription
activity of MMTV-CAT (a glucocorticoid-inducible gene construct that
is sensitive to changes in cell GR concentration) was measured in cells
transfected with this reporter plasmid and activated with 10~6 M
dexamethasone. [Derived with permission from M. C. Pepin et al., Mol
Pharmacol 41:1016-1022, 1992 (215)].

(Table 1), transfected with a plasmid DNA vector consist-
ing of a glucocorticoid-responsive MMTV promoter en-
hancer element fused to a reporter gene [chloramphenicol
acetyl transferase (CAT)] (213-215). Desipramine treat-
ment produced a 2-fold increase in glucocorticoid-stimu-
lated CAT activity. With a chimeric gene construct con-
sisting of GR gene promoter fused to CAT gene
(pHGR2.7CAT) a 3-fold desipramine-induced increase in
CAT activity was observed. The antidepressant treatment
of these cells increased GR mRNA and [ HJdexamethasone
binding after 1-4 days in both LTK~ and Neuro2A cells
(214). Of particular interest is the desipramine-induced
increase in GR promoter element activity in LTK~ cells.
These fibroblast cells do not secrete catecholamines and
therefore the effect of desipramine on GR gene activity
involves a mechanism different from that in NA-reuptake
inhibition. It is of note that the desipramine concentration
needed for maximum effects in these studies was in the
range of 10~8 M and above, which corresponds to the
plasma concentrations needed to achieve clinical efficacy.

10-9 10-8

Desipramine

10-6 (M)

FlG. 5. LTK cells were incubated with increasing concentrations of
desipramine for 24 h before transient transfection with the pHGR 2.7
CAT plasmid. GR promoter activity expressed as percent acetylation
of chloramphenicol by CAT increases with increasing doses of desi-
pramine. [Reproduced with permission from M. C. Pepin et al.: Mol
Pharmacol 41:1016-1022, 1992 (215).]

VII. A Transgenic Mouse with a Primary GR Defect
as an Animal Model to Study how Antidepressants

Affect HPA Hyperactivity

Behavioral phenotypes are created by a complex interplay
of genetic and environmental influences, rendering studies
of genetic control of behavior extremely difficult. This is
particularly true in depression, where the genetic predispo-
sition, biographical influences, and precipitating life events
are involved in the causation and course of the illness and
where no widely accepted animal model exists. In human
depression, a genetic influence is well documented, as is the
clinical responsivity of the disorder to antidepressant drugs.
These two robust findings and the high frequency (more than
90% if there is rigid neuroendocrine evaluation) with which
major depression is associated with altered HPA regulation
(76) have encouraged the development of a transgenic mouse
model with which some cardinal symptoms of depression
and their response to antidepressant drugs can be studied.

A. Development of the transgenic mouse

A broad clinical data base gathered from depressed pa-
tients who were suffering from a depressive episode or who
were in remission, as well as data from healthy subjects
belonging to families with a high genetic load for depression,
converged to create the hypothesis that defunct sensitivity of
the HPA system to the negative feedback action of cortico-
steroids may be causally linked to the pathogenesis of de-
pression and to the therapeutic efficacy of antidepressant
treatments. Reverse genetic approaches such as production
of a corticosteroid receptor defect by replacement of the GR
(216) would be one possibility for testing this hypothesis.
Theoretically, such a model would allow analysis of the effect
of the steroid hormone receptors on behavior, but adaptive
mechanisms throughout development limit the precision by
which behavioral changes in such animals can be attributed
to a specific gene "knock-out."

An alternative approach is a partial GR gene "knock-down"
through incorporation into the mouse genome of a gene
fragment directing expression of an antisense RNA comple-
mentary to the GR mRNA (217). The precise mechanism by
which antisense RNA acts is not yet established. It is believed
that a double hybrid RNA once formed is rapidly degraded
by RNase. Such mechanisms emerged from studies using
oligodeoxynucleotides in vitro (218), where RNA-DNA het-
eroduplices served as substrates for RNase H (219), although
other studies questioned such a possibility (220). The de-
creased levels of GR mRNA and the neuroendocrine changes
in these transgenic mice suggested that impaired GR gene
expression would indeed provide an animal model with
which this defect can be studied and the findings compared
with those in major depression. It is noteworthy, however,
that this model does not mimic all aspects of clinical depres-
sion because transgenic mice deposit more fat and have
higher levels of triglycerides together with a decrease in
muscle tissue mass in later life (221). In animals more than
9 months old these differences are accentuated, making them
resemble Cushing's syndrome, which is never found among
patients with depression and hypercortisolemia.
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B. Neuroendocrine changes and their response to
antidepressants

Transgenic mice release more ACTH and corticosterone,
particularly in the morning, than do normal mice, and the
secretion of these hormones is less sensitive to the suppres-
sive action of dexamethasone (222). In fact, a 10-fold higher
(20 jag/100 g body wt) dosage of dexamethasone was re-
quired to suppress plasma ACTH and corticosterone levels,
which is in accordance with a reduced efficacy of circulating
corticosteroids in affecting HPA regulation through GR. The
antisense-induced impediment to GR gene expression in the
transgenic mouse is documented by decreased GR mRNA in
the hypothalamus and the cortex. Pepin et al. (215) admin-
istered desipramine, an antidepressant with blocking effects
on the NA transporter, and observed increased GR mRNA
and [3H] dexamethasone binding in the hypothalamus and
cortex. In addition, they found a decrease in initially elevated
plasma ACTH and corticosterone levels. Other antidepres-
sants also produced significant reductions in plasma ACTH
and corticosterone concentrations after long-term treatment.
The changes in receptor binding were less uniform. Whereas
the study in which desipramine was administered for 10
days documented an increase in GR capacity of about 30%,
no such consistent changes were observed after amitriptyline
or moclobemide treatment for 3-4 weeks (200, 201, 223).
These discrepancies are best explained by time-dependent
adaptive changes. In rats a medium-term exposure to anti-
depressants was shown to have more pronounced effects on
GR capacity than long-term exposure (200, 201). Although
not all experiments with transgenic mice show a reduced
number of GR-binding sites, the function of these receptors
is apparently reduced in these animals, as was documented
by elevated plasma and corticosterone levels and the resis-
tance of the receptors to the suppressive effect of dexameth-
asone (214,222,224). The reason for the discrepancy between
changes in GR concentration and changes in GR function is
still a subject of speculation: it may indicate that intracellular
antisense initiates a number of effects other than merely
decreasing protein synthesis, and it also points to mecha-
nisms that involve interactions between ligand-
activated GR and various other transcription factors, mod-
ulating transcriptional efficacy without numerically affecting
receptor capacity (136,137,225). Interestingly, the number of
MRs that are coexpressed in hippocampal pyramidal cells is
decreased (N. Barden, J. Stec, F. Holsboer, and J. M. H. M.
Reul, unpublished observations). This may also reflect an
impaired function of ligand-activated GR, which was found
to enhance MR gene expression through an action at the GRE
in the MR gene promotor (226). The decrease in MR capacity
secondary to impaired GR function may account for HPA
hyperactivity in these mice. Elevated plasma levels of cor-
ticosterone can further desensitize GR in the hypothalamus
and cortex and MR and GR in the hippocampus, counter-
acting the effects of antidepressants on these steroid recep-
tors. In addition, the possibility that other intracellular feed-
back loops between transcription, mRNA, and protein
formation, including changes in the function of signaling in
the presence of unchanged protein quantities, must be con-
sidered. The finding that numerous antidepressants all de-

crease HPA hyperdrive in transgenic mice with impaired GR
expression is consistent with an action of these drugs on GR
synthesis or function, or both.

C. Behavioral changes and their response to
antidepressants

Humans with elevated serum corticosteroid titers second-
ary to endocrine disease or hormone treatment (e.g. Cush-
ing's syndrome) as well as patients with major depression
exhibit a variety of deficits in cognitive functioning that
include problems with storage and retrieval of information.
Several behavioral paradigms have been used to study
whether the transgenic animal model that mimics neuroen-
docrine signs of depression is also valid for studies of cog-
nitive and emotional symptoms of depression.

The Morris water maze test (227), which investigates a
special form of long-term memory, was first employed. In
this test, acquisition of spatial learning is assessed by placing
the mice in a circular pool where they are trained to search
for a hidden platform in milky water. In order to navigate,
the animals can orient themselves by attending to external
visual cues. Whereas control mice quickly learn to locate the
platform, transgenic mice have profound difficulties devel-
oping a search strategy based on learning of the spatial re-
lation between external cues and the escape platform (Fig. 6).

Short-term memory was assessed with the social recog-
nition paradigm, which is based on olfactory discriminative
capacity (228). An adult mouse is exposed to a conspecific
juvenile and investigates the juvenile for a certain period of
time. After reexposure to the same juvenile 60 min later, the
investigation time by the adult mouse is much shorter, which
is taken as a measure of short-term memory. If the adult is
exposed to a different juvenile after 60 min, the exploration
lasts as long as the initial exploration. Transgenic mice pro-
ducing antisense RNA complementary to GR mRNA are

50

40-
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FIG. 6. Spatial learning and memory containment of transgenic mice
(3 months old) with impaired GR function and of control mice, tested
in the Morris water maze paradigm. Results are expressed as escape
latency in seconds (mean ± SE) that transgenic mice and controls
needed to find the platform hidden below the milky water surface in
a pool. Transgenic mice needed much longer to learn to locate the
platform (**, P < 0.01), indicating a reduced ability to learn the
spatial relation between external cues and the escape platform
(A. Montkowski, N. Barden, C. Wotjak, and F. Holsboer, unpub-
lished observation).
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unable to recognize a juvenile they have investigated 60 min
earlier, indicating impaired memory.

A third experiment employed the elevated plus maze, a
well established animal test of anxiety (229), to assess anx-
iety-related behavior of the transgenic mice. As outlined
above, HPA hyperactivity in depression is believed to be
driven by CRH overproduction, possibly involving defective
negative feedback through GR. Because overproduction of
CRH predictably induces anxiogenic behavior (16, 107, 114,
115), one would assume that the HPA-hyperactive transgenic
mice would show increased levels of anxiety. However, these
mice made more entries onto, and spent more time on, open
arms of the plus maze than the control mice, which would
indicate reduced anxiety rather than the anticipated elevated
anxiety. Given that normal acquisition, processing, storage,
and retrieval of information is necessary for an adequate
emotional and behavioral response to a novel fear-inducing
situation and considering the behavior in the Morris water
maze and in the social recognition paradigm, the most likely
explanation is that these transgenic mice have severe cog-
nitive deficits that impede their capacity to evaluate cues
indicating danger or safety in a novel environment. Thus, the
GR antisense RNA expression produces a kind of HPA dis-
turbance that results in cognitive impairment reducing the
animals' capacity to recognize a dangerous situation. These
observations suggest profound cognitive deficits in the trans-
genic mice with HPA defects and support the view that these
HPA defects are also causally involved in the cognitive im-
pairment seen in patients with HPA pathology such as Cush-
ing's syndrome or major depression.

When transgenic mice were treated for 7 weeks with mo-
clobemide via drinking water (15 mg/kg body wt) most of
the behavioral deficits observed in untreated mice were im-
proved. In the elevated plus maze the cognitive impairment
was no longer apparent, and moclobemide-treated trans-
genic mice were indistinguishable from control mice treated
with either moclobemide or placebo. In a similar way mem-
ory deficits disappeared in depressives when treated suc-
cessfully with imipramine (230). Testing these transgenic
animals in the social recognition paradigm revealed that
moclobemide also improved short-term memory. The deficit
of transgenic mice being unable to recognize a juvenile they
had met previously was no longer obvious since the inves-
tigation time during reexposure was reduced to the same
extent as in control mice (224). In control mice, long-term
antidepressant treatment produced no behavioral changes,
indicating that the drug-induced changes in behavior occur
only in the presence of the memory deficit.

Long-term moclobemide treatment also affected behavior
in the forced swim test. In this paradigm, mice are placed in
a Plexiglas cylinder filled with water, where they are forced
to swim (231). After an initial period of escape-directed ac-
tivity, a normal mouse prefers floating to conserve energy, or
because it has given up, or both. When these animals are
retested 1 day later their floating time increases. This kind of
adaptive behavior most likely reflects the coping strategy of
retrieving previous experience from memory stores (232).
Originally, this test was used to screen for antidepressant
efficacy because most antidepressant drugs increase the la-
tency to immobility. In our normal non-transgenic control

mice, moclobemide had no effect on immobility in this test.
When transgenic mice were tested 1 day after the first ex-
posure, their floating time was much shorter than that of the
untreated control mice, indicating that they were not able to
make use of previous experience. Transgenic mice that had
received long-term antidepressant treatment with moclobe-
mide were indistinguishable from normal mice as their float-
ing time increased when retested in the forced swim test
(see Fig. 7) (224).

In contrast to the elevated plus maze test, the social rec-
ognition paradigm, and the forced swim test, the Morris
water maze did not reveal any effect of moclobemide treat-
ment on spatial learning and memory performance in the
transgenic mice; perhaps the task involved is too complex to
be affected by moclobemide. This suggests that cognitive
function is differentially affected by moclobemide, which is
in accordance with clinical experience (233). Investigations of
mice with targeted gene disruption are a powerful tool for
understanding genetic control of behavior. However, the
currently available transgenic mice often do not show a be-
havioral phenotype even though the mutated gene is, ac-
cording to electrophysiological studies, implicated in the
neuronal plasticity of the hippocampus such as reported in
the heterozygous BDNF knock-out mouse (234). The absence
of a behavioral phenotype in such mutated mice may be the
result of adaptations throughout development and calls for
conditional targeting allowing time-dependent and tissue-
specific triggering of gene disruption (235). Moreover, the
approaches where behavioral and neuroendocrine alter-
ations are identified following a mutagenesis screen using
the alkylating agent N-ethyl-N-nitrosourea and where the
responsible loci are finally mapped may be advantageous in
the future (236).

VIII. Conclusions

There is considerable evidence that HPA dysregulation is
causally implicated in the onset of depression and that the

200-
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FIG. 7. In the forced swim test, immobility is expressed in seconds
(mean ± SE), in which the animals float. In controls, moclobemide
failed to prolong the period in which the animals displayed active
escape behavior; moclobemide-treated transgenic mice (3 months old)
showed increased immobility (**, P < 0.01) [Reproduced with per-
mission from A. Montkowski et al.: J. Neuroendocrinol 7:841-845,
1995 (224).]
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many ways in which antidepressants work include actions
on the HPA system. Clinical investigations suggest that psy-
chosocial stressors and life events play a role in triggering
depressive episodes among those who have a genetic pre-
disposition to this disorder (237). Stressful environmental
challenges are accompanied by central elaboration of cat-
echolamines, emerging from the LC, and by increased levels
of glucocorticoids, secreted from the adrenals after hypo-
thalamic activation of CRH and ACTH from the pituitary. In
depression, the adaptive response appears to be defective,
leaving the HPA system altered until therapeutic interven-
tions begin to be effective.

Antidepressants, known to act mainly on catecholamin-
ergic and serotonergic neurotransmission, also seem to have
effects that are independent of their effects on biogenic amine
metabolism or receptors and which produce normalization
of initial HPA dysregulation. The time course of these neu-
roendocrine actions on HPA activity and, more specifically,
on corticosteroid receptors follows closely that of clinical
improvement, supporting the hypothesis that a causal link
between HPA activity and antidepressant effects exists.

The evidence, of course, is not entirely consistent because
it is difficult to assess clinically relevant effects in laboratory
animals. Anxiety, adaptation to environmental stress, and
neuroendocrine disturbance are behavioral and hormonal
signs of depression that can be studied concomitantly in
laboratories for animal behavior, cellular biology, and mo-
lecular biology. Specifically, antidepressant regulation of the
expression of genes coding for corticosteroid receptors and
their genomic function perhaps provides a functional end-
point by which antidepressant-induced effects can be stud-
ied. This line of research may open up a lead for the devel-
opment of new drugs that are more directly targeted to
elements of the HPA system and thus more efficient than
those currently available.
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