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Diazepam increases the hypothalamic-pituitary-adrenocortical

(HPA) axis activity by a cyclic AMP-dependent mechanism
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1 Previous studies in this laboratory have shown that diazepam behaves as a phosphodiesterase 4
(PDE 4) inhibitor. It has been reported that PDE-4 inhibitors activate the hypothalamic-pituitary-
adrenocortical (HPA) axis in the rat. In the present study we have examined whether activation of
the cyclic AMP-dependent protein kinase (PKA) is involved in the effect of diazepam on basal HPA
axis activity.

2 Acute systemic administration of diazepam (10 mg kg~' i.p.) was found to increase the basal
HPA axis activity, increasing the plasma concentrations of corticotrophin (ACTH) and
corticosterone 30 min post injection. Diazepam also elevated cyclic AMP content of the
hypothalamus.

3 Pretreatment of the animals with dexamethasone (1 mgkg™'
abolished the effect of diazepam on HPA axis activity.

4 The antagonists of central and peripheral benzodiazepine receptors, flumazenil (10 mg kg~ i.p.)
and PK 11195 (5 mg kg~' i.p.) did not affect the diazepam induced increase of HPA axis activity
nor did they have an effect per se.

5 The increase in ACTH and corticosterone levels was significantly reduced by the cyclic AMP-
dependent protein kinase (PKA) inhibitor, H-89, given either subcutaneously (5 mg kg~' s.c.) or
intracerebroventricularly (i.c.v.; 28 ug in 10 ul).

6 The results indicate that diazepam can stimulate basal HPA axis activity in the rat by a cyclic

s.c.) for 3 days completely

AMP-dependent PKA mediated pathway.
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Introduction

Corticotrophin-releasing hormone (CRH-41) which is pro-
duced by parvocellular neurons in the hypothalamic para-
ventricular nucleus and released from terminals in the median
eminence, is recognized as a major regulator of corticotro-
phin release from the pituitary gland (Vale et al., 1981). It is
now well established that cyclic AMP plays a fundamental
role in the signal transducing mechanisms that control the
secretory activity of the hypothalamus, the pituitary gland
and the adrenal cortex (Sette er al., 1994). Indeed the
secretion of CRH-41 from the hypothalamus is positively
influenced by cyclic AMP (Suda er al., 1985, Widmaier et al.,
1989; Hu et al., 1992), and cyclic AMP response elements are
known to be contained in the promotor region of the gene
that encodes this peptide (Emanuel ez al., 1990).

The actions of cyclic AMP are terminated by cyclic
nucleotide phosphodiesterase (PDE) enzymes which catalyse
the intracellular hydrolysis of the nucleotide to 5'-adenosine
monophosphate (Butcher & Sutherland, 1962). PDE enzymes
play a critical role in regulating the cellular responses driven
by cyclic AMP. The PDEs comprise a heterogeneous family
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of enzymes and as many as 10 phosphodiesterase gene
families have been identified (Borger et al., 1993, Soderling &
Beavo, 2000). PDE-4 is widely distributed, being particularly
abundant in the central nervous system, immune/inflamma-
tory cells and the reproductive system (Nicholson et al.,
1991). Recent in vitro studies point to a role for PDE-4 in the
release of CRH and ACTH from the rat hypothalamus and
anterior pituitary gland respectively (Hadley et al., 1993,
Kumari et al., 1997). Initial studies using non-selective
phosphodiesterase inhibitors and cyclic AMP analogues have
demonstrated that the release of ACTH from pituitary cells
appears to be stimulated through a cyclic AMP-dependent
PKA-mediated pathway (Hadley et al., 1993; 1996). In other
studies it has been shown that selective PDE-4 inhibitors such
as rolipram and denbufylline can increase plasma levels of
ACTH and corticosterone in the rat (Kumari et al., 1997).
We have demonstrated that diazepam has a selective PDE-
4 inhibitory activity and this has functional and biochemical
repercussion since it potentiates the positive inotropic effect
as well as the enhancement of intracellular cyclic AMP levels
induced by cyclic AMP related inotropic agents (Martinez et
al., 1995a, b; Collado et al., 1998; Janvier et al., 1999).
Diazepam can affect ACTH and glucocorticoid release in



1356 M.L. Vargas et al

Diazepam increases HPA axis activity

rodents and primates but the mechanism of action by which
this agent produce their effects on neuroendocrine functions
are complex (see De Souza, 1990 for review). Indeed,
previous studies have shown that diazepam decreases HPA
axis activity in stressful contexts, although the influences on
basal release are less consistent (Lakic et al., 1986; Pohorecky
et al., 1988; De Boer et al., 1990; 1991; Pivac & Pericic,
1993). The effect of acute administration of diazepam on
basal corticosterone levels is related to several factors which
include the dose administered and gender (Pivac & Pericic,
1993; Wilson et al., 1996). For example, in unstressed rodents
low doses of diazepam either diminish or fail to alter
glucocorticoid levels whereas high doses of this agent increase
corticosterone levels by an unknown mechanism (Lakic et al.,
1986; Kalman et al., 1997).

The present study is designed to determine whether the
PDE-4 inhibitory action of diazepam, and hence a cyclic
AMP-dependent PKA-mediated pathway is involved in the
stimulatory effect of diazepam on basal HPA axis activity. To
this end we have studied whether diazepam mimics a typical
PDE-4 inhibitor, rolipram, in its effects on ACTH and
corticosterone release as well as whether the effects are
reduced by blocking the cyclic AMP-dependent PKA path-
way with H-89 (Hidaka & Kobayashi, 1992). In addition we
have investigated the possible involvement of central and
peripheral benzodiazepine receptors examining the effects of
antagonists of these receptors.

Methods
Animals

Male Sprague-Dawley rats (200—300 g) were housed four to
five per cage under a 12 h light/dark cycle (L:0800—2000 h)
in a room with controlled temperature (22+1°C) and
humidity (50+10%) and given free access to food and water.

Because stress can affect the activity of the HPA axis, the
experimental design included efforts to reduce the potential
effects of stress. The rats were accustomed to handling over a
period of 7 days before the beginning of each experiment. On
the day of the experiment, the animals were placed in a quiet
room and left undisturbed for 1 h. All experiments were carried
out between 1000 and 1200 h to avoid the influence of diurnal
rhythm on plasma ACTH and corticosterone concentrations.

In some groups of animals a cannula was implanted
intracerebroventricularly (i.c.v.) in the right lateral ventricle
under sodium pentobarbitone anaesthesia (30 mg kg~' i.p.).
A stainless steel cannula was inserted using the following
stereotactic coordinates: 1.5 mm posterior to bregma, 1.5
lateral to midline and 4 mm below the interaural line. After
surgery, animals were allowed to recover for at least 7 days
before drugs were administered. At the end of each
experiment, the correct positions of the cannulae were
verified post mortem.

Drugs

The following drugs were used: Pre-dissolved diazepam
(5mgml™') or vehicle (16% ethanol vv~' and 40%
propylene glycol vv~! in phosphate-buffered saline,
(pH 6.8-7) and flumazenil were from Roche (Madrid, Spain).

PK 11195 [1-(2-chlorophenyl)-N-methyl-N-(1-methyl-propyl)-
3-isoquinoline carboxamide] was from RBI (Natick, U.S.A.);
H-89 (N-[2-(p-bromo-cinnamylamino, ethyl-5-isoquinolinesul-
fonamide) was from ICN (U.S.A.); rolipram and dexametha-
sone were from Sigma Chemical Co (Madrid, Spain).

The drugs were prepared freshly each day. PK 11195 and
flumazenil were suspended in tween 80 (2 drops in 10 ml
saline). H-89, rolipram and dexamethasone were dissolved in
saline (0.9% sodium chloride).

Experimental procedure

To test the influence of diazepam on HPA axis activity,
plasma concentrations of ACTH and corticosterone as well
as the tissue levels of cyclic AMP in the hypothalamus and
pituitary gland were determined in rats treated with diazepam
(10 mg kg~ " i.p.) or vehicle.

After the treatments, the animals were killed by decapita-
tion 30 min later. Trunk blood was collected in prechilled
tubes containing EDTA (1 mg ml~' of blood), centrifuged
for 15 min at 4°C and plasma was stored at —30°C until
assayed. The samples from each experiment were analysed in
the same assays.

The hypothalamus and the pituitary glands were dissected
and freshly frozen and stored at —80°C until assayed.

To determine the possible involvement of central and
peripheral benzodiazepine receptors in the adrenocortical
response to diazepam, animals were pretreated with the
antagonists of these receptors, flumazenil (10 mg kg~! i.p.)
and PK 11195 (5 mg kg~'i.p.) respectively or a corresponding
volume of vehicle, 5 min before diazepam (10 mg kg~' i.p.).
Animals were sacrificed 30 min after diazepam administration.

In order to compare the effect of diazepam with the effects
of a typical PDE-4 inhibitor, rolipram was included in this
study. In a separate group of animals, rolipram (0.2 mg kg™'
i.p.) or a corresponding volume of saline, was administered
20 min prior to death.

To establish whether diazepam exerts its effects at the
hypothalamo/pituitary or adrenocortical level, we also
studied its effects in dexamethasone pretreated rats. Animals
were pretreated with dexamethasone (1 mg kg™' s.c.) or
saline during 3 days with the last dose 12 h before the
experiment, and then they were injected with diazepam
(10 mg kg~ ' i.p.) and sacrificed 30 min later.

The possible involvement of PKA in the effect produced by
diazepam on HPA axis activity, was assessed by treating
animals with the selective cyclic AMP-dependent protein
kinase inhibitor H-89. Animals were injected with H-89 or
saline (controls) either subcutaneously (5 mg kg~') or intra-
cerebroventricularly (28 pg in 10 ul) 30 min before diazepam.
Animals were sacrificed 30 min after diazepam administration.
The doses of H89 were chosen according to previous
studies (Cunha er al., 1999). It is known that H89 on its own
is devoid of effect on basal ACTH release from pituitary cells
(Asaba et al., 1998). The plasma levels of diazepam were
determined in a separate group of rats at 5, 15 and 30 min
after diazepam injection by gas liquid chromatography.

Hormone assays

Corticosterone Plasma corticosterone concentrations were
determined by radioimmunoassay (RIA) using a commer-
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cially available kit for rats ('*I-corticosterone RIA ICN
Biomedicals, U.S.A.). The sensitivity of the assay was
0.39 ng ml. The antibody cross-reacted 100% with corticos-
terone and <0.1% with other steroids.

Corticotrophin (ACTH) Plasma ACTH was measured with-
out prior extraction, by RIA using a commercially available
RIA kit (125-1 h ACTH ICN Biomedicals, Inc, U.S.A.).
Human ACTH 1-39 prepared by synthesis was used in this
kit. The antibody cross-reacted 100% with ACTH 1-39 and
100% with ACTH 1-24 and less than 0.1% with /-
endorphin, o-MSH and y-MSH. The sensitivity of the assay
was 10 pg ml~'. The intra and inter-assay coefficients of
variation were 6.0 and 10.7% respectively.

Estimation of cyclic AMP in the hypothalamus and pituitary
gland Levels of cyclic AMP were determined by radio-
immunoassay  ('*I-TME-S-cAMP, Diagnostic Pasteur,
France) After decapitation, the brains and the pituitary
glands were removed rapidly, fresh-frozen, and stored
immediately at —80°C until use. The dissected hypothalamus
and the pituitary glands were weighed and then homogenized
in 0.6 ml cold perchloric acid (0.3 M) with a Polytron
homogenizer (setting 4 for 30s) and centrifuged
(12,000 r.p.m., 4°C, 15 min). The supernatants were treated
with potassium hydroxide until pH 6.2 was reached. The
sensitivity of the assay was 2 pmol ml~'. The intra and inter-
coeficients of variations were 7.7 and 8.2%, respectively. The
antibody cross-reacted 100% with 3'5'-cyclic AMP and less
than 0.3% with other nucleotides.

Estimation of plama diazepam concentrations

Diazepam concentrations in plasma were determined by gas-
liquid chromatography (GLC) as previously described (Fried-
man et al., 1986). In brief, fixed amounts of appropriate
internal standards were added to the unknown plasma
sample. Calibration standard were prepared by addition of
known amounts of diazepam together with the same amount
of internal standard to drug-free plasma. Unknown and
calibration samples of plasma were then extracted into an
organic solvent (benzene: isoamyl alcohol 98, 5:1,5),
separated, evaporated to dryness, reconstituted and subjected
to GLC with electron-capture detection.

Statistical analysis

Statistical evaluation of the data was performed using one-
way analysis of variance (ANOVA), followed by Student-
Newman-Keuls for individual comparisons. The results were
considered significant when P values were <0.05.

Results

Effects of diazepam and rolipram on plasma levels of
ACTH and corticosterone

Acute systemic administration of diazepam (10 mg kg~' i.p.)
significantly increased both plasma ACTH and corticosterone
levels when compared to the respective control group (Figure
1). This dose of diazepam produced serum concentrations of
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Figure 1 Plasma concentrations of ACTH and corticosterone after
acute administration of diazepam (10 mg kg~' ip.) or rolipram
(0.2 mg kg~' i.p.). Control animals were injected with the respective
vehicle. Testing occurred 30 or 20 min after diazepam or rolipram
injections respectively. Values are the mean +s.e.mean of at least five
experiments. Significance was determined by one-way ANOVA
followed by the Student-Newman-Keuls test. ***P <0.001 vs control;
**P<0.01 vs control.

3.74+0.25, 1.440.1 and 1.08+0.06 ug ml~' at 5, 15 and
30 min post injection. The effect of diazepam is not due to
the solvent, since no significant difference was found in
ACTH and corticosterone levels between the group that
received the solvent of diazepam and that which was injected
with saline. In order to compare the effect of diazepam to
that of a typical PDE-4 inhibitor, rolipram was included in
this study. The effect of the acute administration of rolipram
(0.2 mgkg™' ip.) on the plasma ACTH as well as
corticosterone levels is shown in Figure 1. As can be seen,
rolipram significantly increased the plasma ACTH as well as
the corticosterone levels compared to the respective saline
injected control group. No difference was found between the
effect of diazepam and that produced by rolipram on the
secretion of ACTH and corticosterone.

Figure 2 depicts plasma concentrations of ACTH and
corticosterone of rats pretreated with flumazenil (10 mg kg™
i.p.) or PK 11195 (5 mg kg~! i.p.) 5 min prior to diazepam.
Neither flumazenil nor PK 11195 modified the increase in
plasma ACTH and corticosterone concentrations induced by
diazepam. These doses of flumazenil and PK 11195 did not
have an effect per se, on plasma levels of corticosterone
(307+49 ng ml~! and 259443 ng ml~" respectively) when
compared to those in the control group treated with vehicle
(284+19 ng ml~") (P>0.05). In order to learn whether the
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Figure 2 Plasma concentrations of ACTH and corticosterone
30 min after acute injection of diazepam (10 mg kg~' i.p.) in rats
pretreated 5 min before with flumazenil (10 mg kg~ ' i.p.), PK 11165
(5 mg kg™' i.p.) or vehicle. Significance was determined by one-way
ANOVA followed by the Student-Newman-Keuls test. Values are the
mean +s.e.mean of at least five experiments.

effect of diazepam was produced at hypothalamo/pituitary or
adrenal level, we administered diazepam to rats pretreated
with dexamethasone for 3 days. In these animals, the plasma
levels of corticosterone after diazepam administration were
drastically reduced (40+0.1 ng ml~') when compared to the
effect of diazepam in the vehicle pretreated group
(420425 ng ml~") (P<0.001).

Effect of diazepam on the tissue levels of cyclic AMP in
the hypothalamus and pituitary gland

The tissue levels of cyclic AMP were significantly elevated in
the hypothalamus 30 min after diazepam injection when
compared to those in the vehicle-injected control group.
However the cyclic AMP content in the pituitary gland was
not significantly modified after diazepam administration
(Figure 3).

Effects of H-89 on the pituitary-adrenocortical response
to diazepam

To study the involvement of PKA in the diazepam-induced
increase of HPA axis activity, animals were treated with the
selective inhibitor of cyclic AMP-dependent PKA, H-89
(28 pg in 10 ul i.c.v.) or (5 mg kg ' s.c.) 30 min prior to
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Figure 3 Tissue levels of cyclic AMP in the hypothalamus and
pituitary gland, 30 min after acute injection of diazepam
(10 mg kg™") or vehicle (control). Significance was determined by
one-way ANOVA followed by Student-Newman-Keuls test. *P <0.05
vs control.

diazepam administration. Figure 4 depicts the plasma levels
of ACTH and corticosterone of rats acutely treated with H-
89, 30 min prior to diazepam. This drug administered either
subcutaneously or i.c.v., significantly reduced the diazepam-
induced elevations of plasma ACTH and corticosterone when
compared to their respective control group that received
saline either i.c.v. or s.c. prior to diazepam.

Discussion

The results of this study indicate that acute systemic
administration of diazepam (at 10 mg kg=") to rats elicits
an elevation in basal plasma ACTH as well as in
corticosterone levels and the effects are significantly reduced
by H-89, an inhibitor of the cyclic AMP-dependent PKA
pathway. Futhermore the effect of diazepam on ACTH and
corticosterone secretion is similar to that produced by
rolipram and occurs concomitantly with an increase in the
cyclic AMP content of the hypothalamus but not of the
pituitary gland.

We have recently demonstrated that diazepam inhibits the
PDE 4 isoenzyme (Collado et al., 1998) which is particularly
abundant in the central nervous system and seems to be
involved in the regulation of HPA axis activity (Hadley ez al.,
1993; Kumari et al., 1997). The possibility that diazepam
facilitates the secretion of ACTH and corticosterone by
increasing cyclic AMP production was therefore investigated
in this study by examining the interaction between H-89, a
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Figure 4 Plasma concentrations of ACTH and corticosterone
30 min after acute injection of diazepam (10 mg kg™' i.p.) in rats
pretreated 30 min before diazepam with H-89 or saline (control),
administered s.c. (5 mg kg™") or i.c.v. (28 ug in 10 ul). Values are the
mean+s.e.mean of at least five experiments. Significance was
determined by one-way ANOVA followed by the Student-Newman-
Keuls test. **P<0.01 vs respective control; * P<0.05 vs respective
control.

potent cyclic AMP-dependent protein kinase inhibitor and
diazepam on basal HPA axis activity. Our results show that
either s.c. or i.c.v. administration of H-89 significantly
reduces the effects of diazepam on plasma ACTH and
corticosterone secretion, what indicates that part of the
diazepam effect on stimulation of the HPA axis is mediated
through a cyclic AMP-dependent mechanism. The present
study also demonstrates that diazepam produces an increase
in the cyclic AMP content of the hypothalamus but not the
pituitary gland. These results are similar to those reported for
rolipram, which also enhances the cyclic AMP content of the
hypothalamus but not of the pituitary gland (Kumari et al.,
1997). The lack of effect at the pituitary level has been
hypothesized to be due to the low turnover of cyclic AMP in
resting pituitary cells and accordingly blockade of the PDE
has little effect on nucleotide levels (Kumari et al., 1997). It
would be of interest to measure cyclic AMP levels in the
paraventricular nucleus of the hypothalamus and cortico-
troph cells in the pituitary gland but the fact that diazepam
increases the levels of cyclic AMP in the hypothalamus in
parallel with the levels of ACTH and corticosterone in the

circulation demonstrates that diazepam acts in the hypotha-
lamic nucleus where CRH synthesis and secretion take place.
In addition diazepam may also act in the corticotrophes of
the anterior pituitary but from our study we cannot define
the precise site where the effect of diazepam occurs.

Previous studies have demonstrated that diazepam at
concentrations around 10 uM can stimulate the production
of cyclic AMP in slices of guinea-pig cerebral cortex (York &
Davies, 1981). This effect has been explained partially by an
inhibition of adenosine uptake by diazepam which results in
an increase in extracellular adenosine and concomitant
activation of the adenosine receptor coupled to adenylate
cyclase (York & Davies, 1981). However the diazepam
induced increase in ACTH release observed in our experi-
ments cannot be explained by enhancement of endogenous
adenosine since it is known that this agent exerts a tonic
inhibitory influence on ACTH release (Anand-Srivastava et
al., 1989).

Our results demonstrate that diazepam, like rolipram,
behaves as a typical PDE 4 inhibitor and support the view
that PDE 4 inhibitors exert a stimulant effect on HPA axis
activity in the rat (Kumari et al., 1997). The stimulatory
effect of diazepam on corticosterone secretion does not seem
to take place at the adrenal level since it was abolished by
pretreatment with dexamethasone, a steroid which suppresses
the centrally mediated HPA response to stressful stimuli but
does not modify the adrenal response to exogenous ACTH
(Hadley et al., 1996). It has been previously suggested that
the effects of diazepam on the HPA axis are mediated by
actions at the central benzodiazepine receptor site associated
with the GABA A receptor complex (De Boer et al., 1990;
Pivac & Pericic, 1993). However, in our experiments we
found that the effect of diazepam was not mediated by the
benzodiazepine/GABA/channel chloride receptor complex
since it was not antagonized by flumazenil which is an
effective inhibitor of the effects mediated by this complex
(Haefely et al., 1985). Because of its relatively short half life,
flumazenil was administered 35 min before sacrifice, ensuring
that it would exert its maximal effect (Brogden & Goa, 1991).
Thus the effect of diazepam on basal HPA axis activity seems
to involve cellular mechanisms different from GABA-
mediated chloride conductance. This is consistent with other
non GABA-related actions produced by concentrations of
benzodiazepines in the therapeutic range, such as the
previously reported effects of diazepam in the heart (Collado
et al., 1998; Janvier et al., 1999) as other tissues (Baldessarini,
1996).

Alteration in HPA responses may also involve diazepam
induced changes in peripheral benzodiazepine receptors
(PBR). These receptors have been identified in a number of
peripheral tissues including the adrenal cortex as well as in
the central nervous system (Gavish et al.,, 1992a, b). The
agonist of PBR, Ro 5-4864 has been reported to increase
ACTH and corticosterone release by directly stimulating
hypothalamic CRH release (Calogero et al., 1990). Since
diazepam can also bind to PBR, we examined the effects of
diazepam in the presence of an antagonist of PBR, PK 11195.
In these experiments the plasma concentrations of ACTH
and corticosterone did not differ significantly from those in
the group that received vehicle plus diazepam. Our results
therefore indicate that the stimulatory effect of diazepam on
basal HPA axis activity is not mediated by peripheral
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benzodiazepine receptor activation. This finding is consistent
with previous studies showing that PK 11195, even at high
doses did not antagonize the effect of the agonist of PBR 4-
chlorodiazepam on plasma corticosterone but on the contrary
this compound has been shown to stimulate the HPA axis in
the rat (Calogero et al., 1990).

The ICs, of diazepam as an inhibitor of PDE 4 isoenzyme
is 8 uM (Collado et al., 1998) which corresponds to a serum
concentration of 2.5 ug ml~'. In the present study the serum
concentrations at 5 min post-injection were 3.7 pug ml~!
which clearly produces an inhibitory effect on PDE 4
isoenzyme. The dose of diazepam used in this study is
greater than the doses that are used for chronic treatment of
anxiety (2—30 mg day ') which produce plasma levels of the
drug in the range of 0.02—1.01 ug ml~' (Greenblatt et al.,
1981). However, diazepam at high doses is also used for other
clinical application such as the control of status epilepticus
(up to 3 mg/kg infused over 24 h) or the induction of
anaesthesia (Parfitt, 1999), which could lead to serum
concentrations of 6.01+1.21 ug ml~' (Samuelson er al.,
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receptor complex or by peripheral benzodiazepine receptors.
Whether diazepam exerts similar effects on the HPA axis in
other species is not known and further investigation will be
necessary to establish the clinical relevance of these findings.
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