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1 Previous studies in our laboratory have shown that the synthetic xanthine analogue denbufylline, a
selective type 4 phosphodiesterase (PDE-4) inhibitor, is a potent activator of the hypothalamo-pituitary-
adrenal (HPA) axis when given orally or intraperitoneally (i.p.) to adult male rats. This paper describes
the results of experiments in which well established in vivo and in vitro methods were used to compare
the e�ects of denbufylline on HPA function with those of two other selective PDE-4 inhibitors, rolipram
and BRL 61063 (1,3-dicyclopropylmethyl-8-amino-xanthine). For comparison, parallel measurements of
the immunoreactive- (ir-) luteinising hormone (LH) were made where appropriate.

2 When injected intraperitoneally, rolipram (40 and 200 mg kg71, P50.005), denbufylline (0.07 ±
0.6 mg kg71, P50.05) and BRL 61063 (30 mg kg71, P50.005) each produced marked rises in the serum
ir-corticosterone concentrations. However, lower doses of rolipram (1.6 and 8 mg kg71) and BRL 61063
(0.25 ± 6 mg kg71) were without e�ect (P40.05). By contrast, intracerebroventricular (i.c.v.) injection of
rolipram (8 ng ± 1 mg kg71) or denbufylline (50 ng ± 1 mg kg71) failed to in¯uence the serum ir-
corticosterone concentration. BRL 61063 (8 ± 120 ng kg71, i.c.v.) was also ine�ective in this regard
although at a higher dose (1 mg kg71, i.c.v.) it produced a small but signi®cant (P50.05) increase in ir-
corticosterone release. Denbufylline also increased the serum ir-LH concentration when given
peripherally (0.2 ± 0.6 mg kg71, i.p., P50.05) or centrally (100 ng kg71, i.c.v., P50.05) but rolipram
(1.6 ± 200 mg kg71, i.p. or 8 ng ± 1 mg kg71, i.c.v.) and BRL 61063 (0.25 ± 30 mg kg71, i.p. or 1 ng ±
1 mg kg71, i.c.v.) did not (P40.05).

3 In vitro rolipram (10 mM, P50.01), denbufylline (1 mM, P50.001) and BRL 61063 (1 and 10 mM,
P50.05) stimulated the release of corticotrophin releasing hormone (ir-CRH-41) but lower
concentrations of the drugs were without e�ect as also was BRL 61063 at 100 mM (P40.05); the rank
order of potency was thus BRL 610634rolipram4denbufylline. The adenylyl cyclase activator forskolin
(100 mM, P50.01) also stimulated the release of ir-CRH-41, producing e�ects which were additive with
those of rolipram and denbufylline but not with those of BRL 61063. The secretory responses to
forskolin (100 mM) were accompanied by a highly signi®cant increase in the cyclic AMP content of the
hypothalamic tissue (P50.005). Rolipram (10 mM) also signi®cantly (P50.05) elevated the hypothalamic
cyclic AMP but denbufylline (10 mM) and BRL 61063 (10 mM) did not. However, all three PDE-
inhibitors potentiated the rise in cyclic AMP induced by forskolin (P50.05). None of the drugs tested,
alone or in combination, modi®ed the release of arginine vasopressin (ir-AVP) from the hypothalamus.

4 Rolipram (100 mM), denbufylline (100 mM) and BRL 61063 (100 mM) stimulated the release of
corticotrophin (ir-ACTH) from pituitary tissue in vitro (P50.05) but in lower concentrations they were
without signi®cant e�ect. In addition, rolipram (10 mM, P50.05), denbufylline (0.1 mM, P50.05) and
BRL 61063 (10 mM, P50.05) potentiated the signi®cant (P50.05) rises in ir-ACTH secretion induced by
forskolin (100 mM). Forskolin (100 mM) also produced a highly signi®cant increase (P50.01) in the tissue
cyclic AMP content which was further potentiated by rolipram (10 mM), denbufylline (10 mM) and BRL
61063 (10 mM) which, alone did not a�ect the cyclic AMP content of the tissue.

5 Since both denbufylline and BRL 61063 possess signi®cant adenosine A1 receptor blocking activity,
further studies examined the potential in¯uence of these receptors on the secretion in vitro of CRH-41,
AVP and ACTH. The release of ir-CRH-41 was increased signi®cantly by adenosine deaminase (ADA,
5 u ml71, P50.05) and the A1-receptor antagonist, 1,3-dicyclopropyl-8-cyclopentylxanthine (DPCPX,
0.1 ± 10 nM, P50.05). The responses to ADA were abolished by the A1 receptor agonist N6-cyclo-
hexyladenosine (CHA, 100 nM, P50.05) which alone had no signi®cant e�ect on ir-CRH-41 release.
ADA (0.1 ± 10 u ml71) and DPCPX (1 nM) had weak stimulant and inhibitory e�ects, respectively, on
the release of ir-ACTH from the pituitary gland while CHA (0.1 ± 10 nM) was without e�ect. Ligand
binding studies with [3H]-DPCPX as a probe demonstrated the presence of speci®c high a�nity A1

binding sites in the hypothalamus (Kd=0.7 nM; Bmax=367+32 fmol mg71 protein) and in the
hippocampus (Kd=1 nM; Bmax=1165+145 fmol mg71 protein). In both tissues binding of the ligand
was displaced by CHA (IC50=1 nM (hypothalamus) and 2 nM (hippocampus)), BRL 61063
(IC50=80 nM (hypothalamus) and 100 nM (hippocampus)) and denbufylline (IC50=5 mM (hypothalamus)
and 9 mM (hippocampus)) but not by rolipram.

6 The results suggest that rolipram, denblufylline and BRL 61063 stimulate the HPA axis in the rat,
acting at the levels of both the hypothalamus and the pituitary gland. Their actions may be explained, at
least in part, by inhibition of PDE-4 but additional actions including blockade of hypothalamic
adenosine A1 receptors by denbufylline and BRL 61063 cannot be excluded.
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Introduction

The cyclic nucleotide adenosine 3':5'-cyclic monophosphate
(cyclic AMP) is known to play a critical role in the intracellular
signal transduction mechanisms which control the secretory
activity of the hypothalamus, the pituitary gland and the
peripheral endocrine organs (Sette et al., 1994). The positive
in¯uence of the nucleotide on the activity of the various
components of the hypothalamo-pituitary-adrenal (HPA) axis
is particularly well characterized. Thus, the release of corti-
costerone from the adrenal gland initiated by corticotrophin
(ACTH) is mediated by cyclic AMP (Grahame-Smith et al.,
1967). Similarly, the ability of the 41 amino acid corticotrophin
releasing hormone (CRH-41) to stimulate the synthesis and
release of ACTH from the pituitary gland and to induce pro-
liferation of the corticotrophs is dependent on the generation
of cyclic AMP (Labrie et al., 1982a,b; Aguilera et al., 1983).
Moreover, although the release of ACTH driven by the second
corticotrophin releasing factor, arginine vasopressin (AVP), is
e�ected by receptors coupled to phospholipase C, the powerful
synergistic actions of CRH-41 and AVP on the corticotrophs,
which are critical to normal HPA function, are dependent on
potentiation of the cyclic AMP response to CRH-41 (Giguere
& Labrie, 1982). The secretion of CRF-41 and AVP by the
hypothalamus is also positively in¯uenced by cyclic AMP
(Suda et al., 1985; Widmaier et al., 1989; Hu et al., 1992) and
indeed cyclic AMP response elements are contained in the
promotor region of the genes which encode these peptides
(Seasholtz et al., 1988; Emanuel et al., 1990). Furthermore, the
nucleotide is likely to contribute to transduction in the various
ascending and descending pathways which impinge on the
hypothalamus to regulate the secretion of the hypophysio-
trophic hormones.

The actions of cyclic AMP are terminated by cyclic nu-
cleotide phosphodiesterase (PDE) enzymes which catalyse the
intracellular hydrolysis of the nucleotide to 5'-adenosine
monophosphate (Butcher & Sutherland, 1962). PDE enzymes
thus play a critical role in regulating the cellular responses
which are driven by cyclic AMP. It is now well established that
the PDEs represent a heterogeneous family of enzymes. To
date seven nucleotide phosphodiesterase gene families (PDE-
1 ±PDE-7) have been identi®ed and gene splicing and post
translational modi®cations provide opportunity for further
variants which may be tissue-cell speci®c (Bolger et al., 1993).

Many selective PDE inhibitors have been developed (Beavo,
1988; Beavo & Reifsnyder, 1990; Conti et al., 1995); some of
these have provided invaluable tools with which to examine the
physiological and pathophysiological roles of the various iso-
forms of the enzyme and thus to identify new therapeutic
targets. Particular attention has focused on the type 4, cyclic
AMP speci®c phosphodiesterase (PDE-4). PDE-4 is widely
distributed being particularly abundant in the central nervous
system, immune/in¯ammatory cells and the reproductive sys-
tem. Inhibition of this isozyme produces diverse functional
e�ects including airway smooth muscle relaxation, inhibition
of the release of in¯ammatory mediators, modulation of mood
and behaviour and gastric acid secretion (Nicholson et al.,
1991). Early studies focused on the development of selective
PDE-4 inhibitors for the treatment of depression, dementia
and cerebral vascular disease, with rolipram, denbufylline and
1,3-dicyclopropylmethyl-8-amino-xanthine (BRL 61063)
reaching clinical trial but not proceeding to development.
More recently, the therapeutic potential of selective PDE-4
inhibitors in the treatment of certain allergic conditions, no-
tably asthma, has been recognised (Nicholson & Shahid, 1994;
Sullivan et al., 1994). Much research is now focused in this
area, with the aim of maintaining therapeutic usefulness but
reducing or eliminating unwanted e�ects.

In view of the importance of cyclic AMP in the regulation of
endocrine function, it may be expected that inhibition of PDE
activity may lead to signi®cant hormonal imbalance. In accord
with this view, the non-selective PDE inhibitors, ca�eine and
theobromine, have been shown to have marked e�ects on

neuroendocrine function in the rat and other non-primate
species, producing increases in serum corticosterone, while
thyrotrophin and growth hormone concentrations are lowered
(Spindel et al., 1983; Spindel & Wurtman, 1984; Nicholson,
1987; 1989). Similarly, isobutyl-methylxanthine (IBMX) pro-
duces signi®cant increases in HPA activity in the rat and, in-
deed, is used routinely in neuroendocrine studies to augment
pituitary hormone release in vitro. Surprisingly few published
studies have addressed the possible in¯uence of selective PDE
inhibitors on neuroendocrine function. However, two recent in
vitro studies point to a role for PDE-4 in the regulation of
ACTH release from the rat anterior pituitary gland (Hadley et
al., 1993; Koch & Lutz-Bucher, 1995). Furthermore, we have
recently shown that oral or intraperitoneal administration of
denbufylline (1,3-di-n-butyl-7-(2'-oxopropyl)-xanthine) causes
a pronounced increase in HPA activity through actions at the
levels of the pituitary gland and, to a lesser extent, the hy-
pothalamus (Hadley et al., 1996). In the present study we have
exploited a combination of well established in vivo and in vitro
techniques to extend this study by comparing the e�ects of
denbufylline on HPA function in the rat with those of two
other selective PDE-4 inhibitors, rolipram and BRL 61063. In
addition, since BRL 61063 and denbufylline both possess sig-
ni®cant adenosine A1 receptor blocking activity, we have per-
formed further in vitro studies to examine the potential
in¯uence of A1 receptors in the regulation of the release of
CRH-41, AVP and ACTH.

Methods

Animals

Adult male Sprague Dawley rats weighing 200+10 g and bred
from closed, speci®c pathogen free colonies at Charing Cross
and Westminster Medical School, London (CFY substrain, in
vitro studies) or Harlan Olac (Oxford, in vivo studies) were
used. They were housed either in pairs (in vivo experiments) or
groups of ®ve per cage (in vitro experiments) in a room with
controlled lighting (lights on 08 h 00 min ± 20 h 00 min) and
humidity in which the temperature was maintained at 21 ±
238C. Food and water were available ad libitum. Rats used for
in vivo experiments were weighed daily for at least 7 days be-
fore the experiment by the individual who undertook the
subsequent studies. Experiments were started between
08 h 00 min and 10 h 00 min to avoid changes associated with
the circadian rhythm.

In vivo experiments

Intraperitoneal administration of drugs Rolipram (8 ±
200 mg kg71), denbufylline (70 ± 600 mg kg71) and BRL 61063
(0.25 ± 30 mg kg71) or a corresponding volume of saline (0.9%
sodium chloride solution, 1 ml kg71) were administered by
intraperitoneal injection. The animals were killed by decap-
itation 20 min (rolipram and denbufylline) or 1 h (BRL 61063)
later, the trunk blood was collected into chilled plastic tubes
and allowed to stand on ice for 10 ± 20 min. The tubes were
then centrifuged (2,000 rpm, 48C 10 min) and the serum se-
parated and stored at 7208C for estimation of corticosterone
and luteinising hormone (LH).

Intracerebroventricular (i.c.v.) administration of drugs In a
preliminary operation, guide cannulae with stoppers were im-
planted stereotaxically into the third ventricle of the brain of
intact adult rats anaesthetized with a 1:1 mixture (v/v,
2 ml kg71) of Hypnorm (fentanyl citrate 0.315 mg ml71 and
¯uanisone 10 mg kg71, Janssen Pharmaceutical Ltd., Oxford)
and diazepam (5 mg kg71, Phoenix Pharmaceuticals Ltd.,
Gloucester). The animals were allowed at least 7 days to re-
cover from the trauma of the operation and weighed daily.
Any animal which did not gain weight normally or which
appeared unhealthy in any way was killed humanely (55%).
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On the day of the experiment the rats were removed from their
cages, lightly restrained (hand held) and the stopper removed
from the guide cannula. An injection cannula, which pro-
truded 1 mm beyond the guide cannula and was ®xed via
polypropylene tubing to a 10 ml Hamilton microsyringe, was
then inserted and a drug solution (rolipram: 8 ± 1000 ng kg71,
denbufylline: 50 ± 1000 ng kg71 and BRL 61063: 1 ±
600 ng kg71) or an equivalent volume of saline (3 ml), was
injected. The animals were decapitated 20 min later and trunk
blood collected in chilled plastic tubes. The serum was sepa-
rated and stored as described above. The position of the can-
nulae was veri®ed post mortem.

In vitro experiments

Static incubation of anterior pituitary segments The method
used was a modi®cation (Taylor et al., 1993) of that described
by Buckingham and Hodges (1977a). Brie¯y, rats were de-
capitated in the room in which they were housed and the
anterior pituitary glands were removed immediately. Each
gland was cut into four segments of approximately equal size
which were then transferred to the wells of modi®ed 24 well
culture plates (Tissue Cluster 24, Costar, Cambridge, U.S.A., 1
segment per well) containing 1 ml per well freshly oxygenated
Earle's Balanced Salt Solution (EBBS, phenol red free, Sigma
Chemical Co. Poole, Dorset, U.K.) enriched with aprotinin
(100 kiu ml71, Bayer, U.K. Ltd., Newbury, Berkshire) and
prewarmed to 378C. The plates were incubated at 378C in an
atomosphere saturated with 95% O2/5%CO2 for 2 h 30 min
with medium changes at 2 h and 2 h 15 min. The segments
were then transferred to fresh medium containing either a se-
cretagogue (forskolin) or its vehicle and incubated for 1 h (for
hormone determination) or 2 min (for cyclic AMP measure-
ment). Rolipram, denbufylline and BRL 61063 were added as
appropriate after the 2 h preincubation, while adenosine re-
ceptor ligands were present if required during the ®nal 1 h
incubation only. The medium was collected and either assayed
immediately for ir-ACTH and ir-LH or stored in aliquots
(300 ml) at 7808C until assay. The pituitary segments were
weighed and discarded. For tissue cyclic AMP determination,
segments were rapidly frozen on dry ice, thawed and boiled for
10 min in 250 ml EBBS containing theophylline (2 mM, Sigma
Chemical Co., Poole, Dorset, U.K.) and aprotinin
(100 kiu ml71). The resultant medium was cooled and assayed
immediately for cyclic AMP content. In an attempt to reduce
inter-animal variation, pituitary segments were randomized so
that no one treatment group contained more than one segment
from one animal.

Incubation of the hypothalamic tissue The method used was a
modi®cation (Loxley et al., 1993a,b) of that described by
Buckingham & Hodges (1977b) with tissue from rats which
had been adrenalectomized 7 ± 10 days previously (under so-
dium pentobarbitone anaesthesia, 60 mg kg71 body weight,
i.p., in a volume of 2 ml kg71, Rhone Poulenc, Dagenham,
U.K.), a process which increases the amount of CRH-41 and
AVP available for release from the parvocellular neurones of
the paraventricular neucleus (Loxley et al., 1993a,b). Brie¯y,
the adrenalectomized animals were decapitated; the hypotha-
lamus was dissected out and the peritoneum examined to verify
the completeness of adrenalectomy. The hypothalamic tissue
taken was bordered rostrally by the anterior border of the
optic chiasma, laterally by the hypothalamic ®ssures and
caudally by the mammillary bodies. The ventral border of the
preparation was delineated by the median eminence and the
dorsal extent of the cut was a depth of 2 mm. The tissue blocks
were transferred immediately to tubes containing 1 ml pre-
warmed (378C) freshly oxygenated arti®cial cerebrospinal ¯uid
(Bradbury et al., 1974) plus aprotinin (100 kiu ml71, Bayer
U.K. Ltd) and ascorbic acid (0.0175% w/v, Sigma Chemical
Co, U.K.) and incubated for 75 min at 378C in a gently
shaking water bath. Throughout this period the tubes were
gassed with 95%O2/5%CO2; the medium was replaced after

30, 45 and 60 min. The hypothalami were then subjected to
two successive 15 min incubations. During the ®rst, they were
exposed to forskolin or, in the case of controls, medium alone,
the ®nal 15 min incubation was used to verify the viability of
the tissues by exposure to K+ (56 mM). Rolipram, denbufyl-
line and BRL 61063 were added as appropriate after the initial
30 min incubation and replenished with each medium change;
controls received a corresponding volume of medium alone.
Adenosine receptor ligands were present if required during the
two ®nal 15 min incubations only. The medium from each of
the 15 min incubations was collected; 300 ml was aspirated
from each and stored (7808C) for ir-AVP determination. The
remainder was either assayed immediately for ir-CRH-41 or
freeze dried for subsequent determination of the peptide. In
experiments where alterations in tissue cyclic AMP were de-
termined, the ®nal incubation period was reduced to 4 min; the
tissue was rapidly frozen, thawed and boiled for 10 min in
500 ml sodium azide bu�er (Dupont Chemical Co. Germany)
containing 100 kiu ml71 aprotinin and 2 mM theophylline
(Sigma Chemical Co. Poole, Dorset). The cyclic AMP content
was then determined.

Hormone assays

Corticosterone The concentration of corticosterone in serum
samples was measured by radioimmunoassay (Al-Dujaili et al.,
1981) by use of a well characterized antibody raised in rabbit
and 125I-labelled histamine-corticosterone conjugate as a tra-
cer. Separation of bound and free corticosterone was achieved
by addition of dextran coated charcoal. The sensitivity of the
assay was 5 ng ml71 and the intra- and inter-assay coe�cients
of variation were both 5%.

Corticotrophin (ACTH) ACTH was measured by radio-
immunoassay by use of a method based on that described by
Rees et al. (1971) and an antibody raised in sheep against
ACTH1-24. The reference preparation was human ACTH1-39

(National Institute for Biological Standards and Control,
South Mimms, Herts, U.K.) and the tracer was 125I-labelled
ACTH. Separation of bound from free ACTH was achieved by
addition of dextran coated charcoal. The sensitivity of the
assay was 78 pg ml71 with intra- and inter-assay coe�cients of
variation of 9.5% and 11.3%, respectively.

Luteinising hormone (LH) LH was determined by radio-
immunoassay (Kilpatrick et al., 1976) by use of reagents sup-
plied by the National Hormone and Pituitary Programme
(Bethesda, MD U.S.A.) and a second antibody (IDS, Wa-
shington, U.K.) for the separation of bound and free peptide.
The standard preparation was coded NIDDK-LH-rat RP-3
and the tracer was 125I-labelled rat LH. The sensitivity of the
assay was 0.13 ng mg71 with intra- and inter-assay coe�cients
of variation of 9% and 11%, respectively.

Corticotrophin releasing hormone (CRH-41) CRH-41 was
measured by radioimmunoassay (Hillhouse & Milton, 1989)
with an antibody raised in rabbit against rat/human (r/h)
CRH-41 conjugated with b-g-globulin. The antibody cross-
reactivity was 100% with r/h CRH1-20, 35% with r/h CRF21-49,
0.1% with r/h CRF1-20, 0.02% with r/h CRF6-33, 75% with
oxidized r/h CRH-41, 9% with ovine CRH-41 and 0.03% with
sauvagine. It was found to have no cross reactivity with AVP,
somatostatin, luteinising hormone-releasing hormone or thyr-
otrophin releasing hormone. The reference preparation was r/h
CRH-41 (Peninsula Labs. U.K.) and the tracer was 125I-la-
belled tyrosine r/h CRH-41. Separation of bound and free
CRH-41 was achieved by addition of a second antibody
(Donkey, anti-rabbit, IDS Ltd.). The sensitivity of the assay
was 10 pg ml71 with intra- and inter-assay coe�cients of
variation were 5% and 9%, respectively.

AVP The AVP assay employed an antibody of de®ned spe-
ci®city (Negro-Vilar et al., 1979) raised in rabbit against AVP.
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The reference preparation was synthetic AVP (National In-
stitute for Biological Standards and Control, South Mimms,
Herts, U.K.) and the tracer was [125I]-AVP (Amersham Inter-
national plc, Amersham, U.K.). The sensitivity of the assay
was 2 pg ml71 and the intra- and inter-assay coe�cients of
variation were 3.6% and 11.9%, respectively.

Tissue cyclic AMP measurement Tissue cyclic AMP was
measured by radioimmunoassay with a kit purchased from
Dupont International (Stevenage, Herts, U.K.). The sensitivity
of the assay was 1 pmol ml71 and the antibody supplied
showed negligible cross-reactivity with cyclic GMP, adenosine,
guanosine or theophylline. Intra- and inter-assay coe�cients of
variation were 6% and 9%, respectively.

For all assays the dilution curves of the samples were par-
allel with those of the standard curve. Samples from a single
experiment were always run in the same assay in order to avoid
the inter-assay variation inherent to these methods. Speci®city
studies showed that none of the drugs employed interfered
with any of the above assay methods.

A1 receptor binding studies

Tissue preparation Hypothalami and hippocampi were ra-
pidly removed post mortem from rats adrenalectomized 7 ± 10
days previously and placed immediately in Tris-HCl (BDH
Chemicals Ltd., Dagenham, U.K., 50 mM, 48C). After soni®-
cation, the homogenates were centrifuged (3,000 g, 20 min,
48C), the pellet was retained and the supernatant ¯uid was
further centrifuged (50,000 g, 20 min, 48C). The resultant pel-
lets were pooled and resuspended (2 hypothalami ml71 and 4
hippocampi ml71) in 50 mM Tris-HCl containing 5 iu ml71

adenosine deaminase (Sigma Chemicals Co., Poole, U.K.) and
incubated at room temperature for 30 min. The protein content
of the homogenate was determined (Lowry et al., 1951) and the
receptor binding experiments were carried out immediately.

Receptor binding experiment Solutions of [3H]-1,3-dipropyl-
8-cyclopentylxanthine ([3H]-DPCPX, 0.05 ± 10 nM) were pre-
pared by dilution of stock solution (88.2 Ci mmol71 stored in
ethanol) in Tris-HCl and aliquoted (25 ml) into two triplicate
sets of assay tubes together with 200 ml protein extract. Ali-
quots of bu�er (25 ml) were added to the ®rst set of tubes (total
binding) and DPCPX (25 ml, 100 nM) to the second set (non-
speci®c binding). The tubes were vortexed and incubated for
1 h at 258C with continuous shaking. The reaction was ter-
minated by ®ltration with a Brandel cell harvester (Semat
Technical UK Ltd., St. Albans, U.K.) with ice-cold Tris-HCl
and 3 further washes with ice-cold Tris HCl. The ®lter pads
were placed in scintillation tubes containing 0.5 ml Triton
X100 (BDH Chemicals Ltd., Dagenham, U.K.) in toluene
(BDH Chemicals Ltd., Dagenham, U.K.) and 45 ml scintilla-
tion ¯uid (Solvene E). After incubation overnight at room
temperature in the dark, the tubes were counted (4 min) on a b-
automatic counter (LKB, Turku, Finland).

Displacement studies Solutions of CHA (20 pM ± 100 nM),
rolipram (20 nM± 100 mM), denbufylline (20 nM± 100 mM) and
BRL 61063 (1 nM ± 5 mM) were prepared by dilution of stock
solutions (1 mM in ethanol) in Tris-HCl and aliquoted (25 ml)
into triplicate sets of tubes together with 25 ml [3H]-DPCPX
(®nal concentration 1 nM) and 200 ml protein extract. Further
triplicate tubes containing either 25 ml [3H]-DPCPX/25 ml
CHA (®nal concentration 100 nM)/200 ml protein extract or
25 ml [3H]-DPCPX/25 ml bu�er/200 ml protein extract were set
up to determine speci®c and non-speci®c binding, respectively.
The tubes were then vortexed, incubated and counted exactly
as described above.

Drugs

BRL 61063 (1,3-dicyclopropylmethyl-8-amino-xanthine) and
denbufylline were obtained from SmithKline Beecham Phar-

maceuticals (Harlow, Essex, U.K.), rolipram was a generous
gift from Schering AG (Berlin, Germany) and forskolin was
purchased from Sigma Chemical Co. (Poole, U.K.). They were
dissolved in either sterile saline (0.9% sodium chloride solu-
tion, Charing Cross Hospital Pharmacy) for in vivo experi-
ments or initially in ethanol with subsequent dilutions in
incubation medium for in vitro experiments. In all cases ap-
propriate vehicle controls were prepared and used. Previous
experiments have shown that, when given peripherally, the
onset of action of BRL 61063 is delayed in comparison with
rolipram or denbufylline. Measurements were therefore made
1 h after i.p. injection of BRL 61063 but 20 min after rolipram
and denbufylline. Adenosine deaminase, DPCPX and CHA
were purchased from Sigma Chemical Co. (Poole, U.K.) and
dissolved and diluted in medium before use. [3H]-DPCPX
(88.2 Ci mmol71 stored in ethanol) was purchased from Du-
pont Ltd. (Stevenage, Herts, U.K.).

Statistical analysis

The results, which were normally distributed, were analysed
by one way analysis of variance followed by Fischer's test of
least di�erence. In those instances where only two groups
were compared Student's t test was used. Data were con-
sidered to be signi®cantly di�erent if P50.05. In view of the
variation between experiments in basal peptide release which
is inherent to our in vitro preparations, statistical compar-
isons were made only within experiments. In all instances,
repeat experiments produced data which were similar qua-
litatively.

Results

Figure 1 demonstrates the e�ects of single intraperitoneal in-
jections of rolipram (1.6 ± 200 mg kg71), denbufylline (0.07 ±
0.6 mg kg71) and BRL 61063 (0.25 ± 30 mg kg71) on the serum
ir-corticosterone and ir-LH concentrations in adult male rats.
Both rolipram (8 ± 200 mg kg71, i.p., Figure 1a) and denbu-
fylline (0.07 ± 0.6 mg kg71, i.p., Figure 1c) produced signi®cant
(P50.005) dose-dependent increases in serum ir-corticoster-
one. At the highest dose tested BRL 61063 (30 mg kg71, i.p.,
Figure 1e) also stimulated the release of ir-corticosterone
(P50.005) but the lower doses tested were without e�ect.
Denbufylline (0.2 and 0.6 mg kg71, i.p., Figure 1d) also pro-
duced a small but signi®cant rise in serum ir-LH (P50.05) but
no such response was apparent in rats treated with rolipram
(1.6 ± 200 mg kg71, i.p., Figure 1b) or BRL 61063 (0.25 ±
30 mg kg71, i.p., Figure 1f). When given centrally, the saline
vehicle produced a signi®cant (P50.01) rise in serum ir-cor-
ticosterone versus values in untreated controls but neither ro-
lipram (8 ± 1000 ng kg71, i.c.v.) nor denbufylline (50 ±
1000 ng kg71, i.c.v.) produced any further change in steroid
release; BRL 61063 (1 ± 120 ng kg71, i.c.v.) was also ine�ective
in this regard although at a higher dose (1000 ng kg71, i.c.v.) a
signi®cant (P50.005) rise in serum ir-corticosterone was ap-
parent (data not shown). The ir-LH serum concentrations were
una�ected by central injections of rolipram (8 ± 1000 ng kg71,
i.c.v.) or BRL 61063 (1 ± 1000 ng kg71, i.c.v.) but were in-
creased (P50.05 vs. vehicle control) in rats treated with den-
bufylline (100 ± 1000 ng kg71, i.c.v., data not shown).

Preliminary in vitro studies examined the e�ects of graded
concentrations of rolipram (0.1 ± 100 mM), denbufylline (10 ±
1000 mM) and BRL 61063 (1 ± 100 mM) on the release of ir-
CRH-41 and ir-AVP from rat isolated hypothalami. None of
these drugs in¯uenced the release of ir-AVP (Table 1) although
subsequent exposure of the tissue to K+ (56 mM) precipitated
a highly signi®cant (P50.01), approximately 3 fold increase in
the release of this peptide (data not shown) analogous to that
obtained previously (Loxley et al., 1993a; Hadley et al., 1996).
By contrast, all three drugs stimulated the release of CRH-41;
BRL 61063 was the most potent in this regard producing sig-
ni®cant (P50.01) increases in peptide release at concentrations
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of 1 and 10 mM, while rolipram and denbufylline were e�ective
only when their concentrations were raised to 10 mM and
1 mM, respectively (P50.05, Table 1). Subsequent stimulation
of the tissue with K+ (56 mM) produced the anticipated
(Loxley et al., 1993a; Hadley et al., 1996) 2 ± 3 fold increase in
CRH-41 irrespective of the previous drug treatments (data not
shown). On the basis of these studies the following drug con-
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Figure 2 E�ects of rolipram (Rol, 10 mM, a and b), denbufylline
(Den, 1 mM, c and d) and BRL 61063 (BRL, 10 mM, e and f) in the
presence and absence of forskolin (Fors, 100 mM) on the release of ir-
CRH-41 (a, c and e) from isolated hypothalami in vitro and on the
cyclic AMP content (b,d and f) of the tissue. Values represent the
mean+s.e.mean (n=5±6). *P50.05, **P50.01, ***P50.005 vs
vehicle control. {P50.05, {{P50.01, {{{P50.005, forskolin vs
forskolin+drug (ANOVA+Fischer's test). NS=not signi®cant.
N.B. the experiments for each drug were performed on di�erent days.

Table 2 Effects of graded concentrations of rolipram,
denbufylline and BRL 61063 on the release in vitro of ir-
ACTH from anterior pituitary tissue

Drug ir-ACTH (ngml71

(mM) pituitary tissue)

Rolipram
Vehicle

1.0
10.0
100.0

0.32+0.06
0.35+0.10
0.41+0.09
0.52+0.08*

Denbufylline
Vehicle

1.0
10.0
100.0

0.31+0.07
0.36+0.01
0.29+0.005
0.47+0.02*

BRL 61063
Vehicle

1.0
10.0
100.0

0.32+0.06
0.49+0.12
0.37+0.09
0.49+0.06*

Values represent the mean+s.e.mean (n=4± 6). *P50.05 vs
control (ANOVA and Fischer's test).
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Figure 1 E�ects of a single intraperitoneal injection of rolipram
(1.6 ± 200 mg kg71, a and b), denbufylline (0.07 ± 0.6 mg kg71, c and
d) and BRL 61063 (0.25 ± 30 mg kg71, e and f) on the serum
concentrations of ir-corticosterone (a, c and e) and ir-LH (b, d and f)
in adult male rats. Controls received an equal volume of the vehicle
(sterile saline, 2 ml kg71, i.p.). Values represent the mean+s.e.mean
(n=5±6). *P50.05, **P50.01, ***P50.005 vs corresponding
vehicle control. (ANOVA+Fischer's test). N.B. the experiments for
each drug were performed on di�erent days.

Table 1 Effects of graded concentrations of rolipram (0.1 ±
100mM), denbufylline (10 ± 1000mM) and BRL 61063 (1 ±
100mM) on the release in vitro of ir-CRH-41 and ir-AVP
from isolated hypothalami

Drug ir-CRH ir-AVP
(mM) (pgml71) (pgml71)

Rolipram
Vehicle

0.1
1.0
10.0
100.0

31+5
36+5
27+6
52+7*
47+6

50.0+10.7
48.6+10.0
37.1+14.3
61.4+8.6
27.9+5.7

Denbufylline
Vehicle

0.1
10.0
100.0
1000.0

6+1.0
±

15+5.5
9+1.0
34+4.0*

62.7+11.4
74.7+10.7

-
68.7+10.7
67.3+12.9

BRL 61063
Vehicle

1.0
10.0
100.0

14+0.1
40+5.0**
62+37.0**
17+2.0

53.5+17.5
41.3+3.8
62.5+27.5
85.0+7.5

Values represent the mean+s.e.mean (n=5±6). *P50.05,
**P50.01 (ANOVA and Fischer's test).
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centrations were selected for further study; rolipram (10 mM),
denbufylline (1 mM) and BRL 61063 (10 mM). Figure 2 illus-
trates the e�ects of these drugs alone and in combination with
forskolin on the release of ir-CRH from the hypothalamus in
vitro and on the cyclic AMP content of the tissue. The sub-
maximal concentration of forskolin employed (100 mM) pro-
duced a small but signi®cant increase in CRH-41 release
(P50.05, Figure 2a, c and e) and in the tissue cyclic AMP
content (P50.005, Figure 2b, d and f). Rolipram (10 mM,
P50.01, Figure 2a), denbufylline (1 mM, P50.001, Figure 2c)
and BRL 61063 (10 mM, P50.05, Figure 2e) also increased ir-
CRH-41 release; the responses to rolipram and denbufylline
were additive with those of forskolin but those to BRL 61063
were not. Neither denbufylline (1 mM, P40.05, Figure 2d) nor
BRL 61063 (10 mM, P40.05, Figure 2f) a�ected the tissue
cyclic AMP content although rolipram (10 mM) produced a
small but signi®cant increase (P50.05, Figure 2b). However,
all three drugs potentiated the rise in cyclic AMP induced by
forskolin (rolipram, P50.05, Figure 2b; denbufylline,
P50.01, Figure 2d; BRL 61063, P50.01, Figure 2f).

Concentration-response studies showed that rolipram
(100 mM), denbufylline (100 mM) and BRL 61063 (100 mM) also
produced small (*50% above basal) but signi®cant (P50.05)
increases in the release of ir-ACTH from pituitary tissue in
vitro but that lower concentrations of the drugs were without
e�ect (Table 2). By contrast, a submaximal concentration of
forskolin (100 mM, Taylor et al., 1993) caused a marked
(P50.05) increase in ir-ACTH secretion (Figure 3a, c and e).
The responses to forskolin were potentiated by rolipram
(10 mM, P50.05, Figure 3a), denbufylline (0.1 mM, P50.01,
Figure 3c) and BRL 61063 (10 mM, P50.05, Figure 3e). For-
skolin (100 mM) also produced a marked rise in the tissue cyclic
AMP content (P50.01, Figure 3b, d and f). The cyclic AMP
responses were further potentiated by rolipram (10 mM,
P50.001, Figure 3b), denbufylline (10 mM, P50.01, Figure
3d) and BRL 61063 (10 mM, P50.001, Figure 3f) each of
which, alone, had no discernable e�ect on the cyclic nucleotide.

Figure 4 shows e�ects of adenosine deaminase (ADA),
DPCPX (an A1 receptor antagonist) and N6-cyclo-hex-
yladenosine (CHA, an A1 receptor agonist) on the secretion of
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Figure 3 E�ects of rolipram (10 mM, a and b), denbufylline (0.1 mM,
c; 10 mM, d) and BRL 61063 (10 mM, e and f) in the presence (&) and
absence (&) of forskolin (100 mM) on the release of ir-ACTH (a, c
and e) from anterior pituitary tissue in vitro and on the cyclic AMP
content of the tissue (b, d and f). Values represent the mean+-
s.e.mean (n=5± 6). *P50.05, **P50.01, ***P50.005 vs vehicle
control. {P50.05, {{P50.01, {{{P50.005 forskolin vs forskolin+-
drug (ANOVA+Fischer's test).
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Figure 4 E�ects of (a) adenosine deaminase (ADA, 5 u ml71) and
N6-cyclohexyladenosine (CHA, 0.1 mM) and (b) 1,3 dicyclopropyl-8-
cyclopentylxanthine (DPCPX) on the release in vitro of corticotro-
phin releasing hormone (CRH-41) from isolated hypothalami. Values
represent the mean+s.e.mean (n=5±6), *P50.05, (a) ADA vs
ADA+CHA ({P50.05 Student's t test). (b) *P50.05, vs vehicle
control (ANOVA+Fischer's test).
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ir-CRH-41 by the hypothalamus in vitro. ADA (5 u ml71)
caused a signi®cant (P50.05) increase in ir-CRH-41 release; its
e�ects were abolished by CHA (10 mM, P50.05) which alone
had no signi®cant e�ect on ir-CRH-41 release (Figure 4a).
DPCPX (0.1 ± 10 nM) also stimulated the release of ir-CRH-41
(P50.05) although at the highest concentration tested its ef-
fects were reduced (Figure 4b). Parallel measurements showed
that the release of ir-AVP from the hypothalamus was un-
a�ected by ADA and the two adenosine receptor ligands (data
not shown). DPCPX (1 mM) and ADA (0.1 ± 10 u ml71) had
weak inhibitory and stimulant e�ects, respectively, on the re-
lease in vitro of ir-ACTH from the pituitary gland while CHA
(0.1 ± 10 nM) was without e�ect (data not shown). Ligand
binding studies with [3H]-DPCPX as a probe demonstrated the
presence of speci®c high a�nity A1 binding sites in the hy-
pothalamus (Kd=0.7 nM; Bmax=367+32 fmol mg71 protein
and in the hippocampus (Kd=1 nM; Bmax=1165+145 f-
mol mg71 protein). Binding of the ligand in both the hy-
pothalamus (Figure 5a) and the hippocampus (Figure 5b) was
displaced by CHA (IC50=1 nM (hypothalamus) and 2 nM
(hippocampus)), BRL 61063 (IC50=80 nM (hypothalamus)
and 100 nM (hippocampus)) and denbufylline (IC50=5 mM
(hypothalamus) and 9 mM (hippocampus)) but not by roli-
pram.

Discussion

The results presented con®rm our previous observations that
acute administration of denbufylline causes a marked activa-
tion of the HPA axis in the rat (Hadley et al., 1996). They also
show for the ®rst time that two other PDE-4 inhibitors, roli-
pram and BRL 61063, are e�ective in this regard through
mechanisms which involve actions at the levels of both the
hypothalamus and the anterior pituitary gland.

It is evident from our in vivo study that peripheral admin-
istration of rolipram, denbufylline or BRL 61063 produces a
pronounced increase in serum corticosterone. It is unlikely that
this re¯ects direct actions of the drugs on the adrenal cortex
since this tissue expresses only very small amounts of PDE-4
(Beavo, 1988). Moreover, we have previously shown that the
adrenocortical responses to denbufylline are preceded by
a hypersecretion of ACTH (Hadley et al., 1996) as also are
those to rolipram (vehicle (1 ml kg71)=2.9+0.3 miu ml71;
rolipram (40 mg kg71)=5.3+0.7 miu ml71, P50.01, rolipram
(200 mg kg71)=5.0+0.3 miu ml71, P50.01, n=5±6). Fur-
thermore, the stimulating e�ects of denbufylline on corticos-
terone secretion are abolished by pretreatment of the animals
with dexamethasone, a steroid which suppresses the centrally
mediated HPA response to stressful stimuli but fails to modify
the adrenal response to exogenous ACTH (Hadley et al.,
1996). In principle, it could be argued that the hypersecretion
of corticosterone induced by the three PDE-4 inhibitors used
in the present study is merely a consequence of non-speci®c
`stressful' actions of the drugs. While we cannot exclude the
possibility that such actions contribute to the overall response,
two important lines of evidence argue against this being the
primary mechanism of HPA activation. First, our in vitro
studies showed clearly that all three enzyme inhibitors exerted
signi®cant direct actions on both the hypothalamus and the
pituitary gland which augmented the secretion CRH-41 and
ACTH. Secondly, stress normally causes a fall in serum LH
(Euker et al., 1975; Du Ruisseau et al., 1979; Cover et al., 1991)
but denbufylline stimulated the secretion of the gonadotrophin
while rolipram and BRL 61063 were without e�ect.

Previous workers have advocated that the stimulant actions
of non-selective xanthine PDE inhibitors (e.g. ca�eine, IBMX)
on HPA function in vivo are exerted principally at the hy-
pothalamus or possibly elsewhere in the CNS (Spindel et al.,
1980a,b; 1983; Nicholson, 1989). In contrast, we have argued
on two bases that the adrenocortical responses to denbufylline
are a�ected primarily at the pituitary level. First, in vitro stu-
dies have shown that denbufylline stimulates the release of ir-
ACTH and potentiates the secretory responses to other
ACTH-secretagogues which act via cyclic AMP-dependent
mechanisms (Hadley et al., 1993; 1996); by contrast, this
xanthine has relatively low e�cacy at the hypothalamic level as
a CRH-41 secretagogue (Hadley et al., 1996). Secondly, al-
though the adenocortical responses to denbufylline in vivo are
ablated by pharmacological lesions of the hypothalamus, they
are largely reinstated when the tonic drive to the corticotrophs
is restored by administration of corticotrophin releasing fac-
tors (Hadley et al., 1996). Our ®nding that central injections of
rolipram or denbufylline fail to raise the serum corticosterone
and that BRL 61063 is e�ective in this regard only at a high
dose level, also militate strongly against a principal action of
the drugs in the CNS as too do our observations that all three
drugs augment the release of ACTH from the pituitary gland
in vitro. However, an action at the hypothalamic level cannot
be excluded entirely on these bases for the signi®cant rise in
serum ir-corticosterone induced by the i.c.v. injection of the
saline vehicle may have masked the e�ects of the drugs.
Moreover, our in vitro data demonstrated clear positive e�ects
of the three PDE-4 inhibitors on the secretion of ir-CRH-41 by
the hypothalamus, although it may be argued these responses
could re¯ect actions on the terminals of the CRH-41 neurones
which lie outside the blood brain barrier and, thus, may not be
accessible to drugs administered centrally in vivo. Such an ar-
gument is indeed tenable for, if PDE-4 plays a critical role in
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Figure 5 Displacement of speci®c [3H]-1,3 dicyclopropyl-8-cyclo-
pentyl-xanthine ([3H]-DPCPX) binding in membrane preparations
from (a) hypothalamus and (b) hippocampus by N6-cyclohexylade-
nosine (CHA), rolipram (Rol), denbufylline (Den) and BRL 61063
(BRL). Values represent the mean+s.e.mean (n=3). A concentration
of 1 nM [3H]-DPCPX was used. The calculated IC50s were
denbufylline=5 mM (hypothalamus) and 9 mM (hippocampus), BRL
61063=80 nM (hypothalamus) and 100 nM (hippocampus).
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the regulation of cyclic AMP-dependent CRH-41 release, it is
likely to be localized in the nerve terminals so as to e�ect local
control of cyclic AMP turnover. Equally, adenosine A1 re-
ceptors, which provide further targets for denbufylline and
BRL 61063 in the hypothalamus (see below), are likely to be
located on nerve terminals.

Our ®ndings that rolipram, denbufylline and BRL 61063
stimulate the release of ir-ACTH from the pituitary gland in
vitro con®rm and extend previous studies with rolipram
(Hadley et al., 1993; Koch & Lutz-Bucher, 1995) and den-
bufylline (Hadley et al., 1996). Several lines of evidence lead
us to believe that these e�ects are due primarily, although
not necessarily exclusively, to blockade of PDE-4. Firstly,
although alone the three drugs produced at best only modest
e�ects on basal ir-ACTH release and tissue cyclic AMP
content, they each potentiated markedly the rises in ir-
ACTH release and cyclic AMP accumulation induced by
forskolin. These ®ndings accord with views from studies on
neutrophils (Nielson et al., 1986; Keuhl et al., 1987) and
pituitary tissue (Hadley et al., 1996) that the e�ects of PDE-
4 inhibitors are more pronounced in cells in which the cyclic
AMP concentration is raised by pharmacological stimulation
than in resting cells. Thus, in resting pituitary cells where
cyclic AMP turnover is low, blockade of PDE has little
e�ect on nucleotide levels, and hence on ir-ACTH release,
due to low substrate availability. However, in cells in which
cyclic AMP generation is raised by forskolin, PDE blockade
greatly augments the intracellular content of the nucleotide
and thus potentiates ir-ACTH release. Secondly, in accord
with their equipotency as PDE-4 inhibitors (Ki*1 mM,
Beavo, 1988; Wilke et al., 1989; Buckle et al., 1994), roli-
pram, denbufylline and BRL 61063 appeared to be equipo-
tent in our in vitro system in respect of both basal ir-ACTH
release and pituitary cyclic AMP accumulation. Moreover,
although BRL 61063 and denbufylline, like other xanthines
such as ca�eine and IBMX, possess other pharmacological
properties which include signi®cant adenosine receptor
blocking activity (Nicholson et al., 1989; Buckle et al., 1994),
rolipram is more speci®c in its actions, although it may exert
some e�ects via a distinct `rolipram binding site' (Schmie-
chen et al., 1990). It thus seems unlikely that blockade of
the adenosine receptors present in the anterior pituitary
gland (Anand-Srivastava et al., 1989; Hadley et al., 1990)
contributes to the stimulant actions of BRL 61063 and
denbyfylline on ir-ACTH release. Such a view is further
supported by our ®nding that treatment of the pituitary
segments with adenosine deaminase and/or various selective
adenosine receptor ligands had only minimal e�ects on ir-
ACTH release, suggesting that adenosine is not an im-
portant factor in the regulation of the secretion of this pi-
tuitary hormone.

The mechanisms underlying the stimulating e�ects of roli-
pram, denbufylline and BRL 61063 on the secretion in vitro of
ir-CRH-41 from the hypothalamus are more di�cult to dis-
cern. The ®nding that all three compounds potentiated the rise
in intracellular cyclic AMP accumulation induced by forskolin
suggests PDE-4 is present in the tissue preparation. However,
while the increases in CRH-41 release induced by rolipram in
the presence and absence of forskolin favour a PDE-4-de-
pendent action, the observation that BRL 61063 is more po-
tent in eliciting basal CRH-41 release raises the possibility that
the actions of the xanthines may involve blockade of adenosine
receptors. Surprisingly, there is a paucity of data in the lit-
erature regarding the role of adenosine in the regulation of the
release of CRH-41 and AVP from the hypothalamus. The
present study demonstrated the presence of a small population
(vs hippocampus) of speci®c high a�nity adenosine A1 binding
sites in the hypothalamus with a Kd for DPCPX similar to that
obtained here and by others in the hippocampus and other
CNS tissues (Ebersolt et al., 1981; Lee & Reddington, 1986;
Fastbom et al., 1987; Weber et al., 1988; Bisserbe et al., 1992).
Moreover, BRL 61063 and denbufylline bound readily to both
the hypothalamic and the hippocampal receptors with IC50

values close to those obtained in other tissues (Nicholson et al.,
1989; Buckle et al., 1994). Our functional studies which showed
that adenosine deaminase produces an increase in CRH-41
release in vitro which is overcome by the A1-selective agonist,
CHA, provide novel evidence that the hypothalamic A1 re-
ceptors exert a tonic inhibitory in¯uence on CRH-41 release,
as also does our ®nding that A1 receptor blockade stimulates
the release of this neuropeptide. While much remains to be
learnt about the role of adenosine in the hypothalamus, these
data are consistent with the hypothesis that the stimulant ac-
tions of BRL 61063 and denbufylline on CRH-41 release are
e�ected in part by blockade of A1 receptors.

Although the secretion of ir-CRH-41 in vitro was in¯uenced
readily by PDE-4 inhibitors (rolipram, denbufylline and BRL
61063) and adenosine receptor ligands, parallel changes in ir-
AVP release were not observed. This perhaps is surprising,
since CRH-41 and AVP are co-released from the parvocellular
neurones of the parventricular-median eminence (PV-ME)
tract which control the release of ACTH (Plotsky et al., 1985;
Sawchenko, 1987). However, although adrenalectomy aug-
ments the amount of AVP (and CRH-41) available for release
from these neurones, the bulk of AVP in the hypothalamus is
derived from the magnocellular neurones which project to the
posterior pituitary gland while a cohort of neurones originat-
ing in the suprachiasmatic nucleus provides a further source
(Loxley et al., 1993b). Thus, small drug-induced changes in ir-
AVP release from CRH-41 neurones of the PV-ME tract may
go undetected. Indeed, had any overt changes in ir-AVP re-
lease been observed in this preparation they would have been
likely to re¯ect changes in the activity of the magnocellular
system (Loxley et al., 1993a,b; Taylor et al., 1995).

The e�ects of rolipram, denbufylline and BRL 61063 on LH
release were less marked and more variable than those on the
HPA axis. Indeed, only denbufylline produced a signi®cant
increase in LH release in vivo when given either peripherally or
centrally. The failure of rolipram to increase ir-LH release
suggests that mechanisms other than PDE-4 inhibition may
mediate the increases in LH release produced by denbufylline
in vivo. An obvious possibility is blockade of adenosine A1

receptors, although the apparent failure of an adenosine A1

receptor agonist to in¯uence serum ir-LH when injected into
the lateral ventricle (Ondo et al., 1989) does not accord with
this view; nor does the inability of BRL 61063 to augment the
secretion of the gonadotrophin.

In conclusion, the results show clearly that the PDE-4
inhibitors rolipram, denbufylline and BRL 61063 activate
the HPA axis in the rat through actions on the hypothala-
mus and the anterior pituitary gland which lead to increased
secretion of CRH-41 and ACTH. The actions of the drugs
on the pituitary gland may be explained largely by inhibition
of PDE-4. Blockade of PDE-4 may also underlie the actions
of rolipram on the hypothalamus, but the rises in CRH-41
release provoked by denbufylline and BRL 61063 may also
involve other mechanisms, in particular blockade of adeno-
sine A1 receptors. Whether these compounds exert similar
e�ects on HPA function in other species is unknown al-
though, interestingly, when given orally neither denbufylline
(Garside & Harvey, 1992) nor ca�eine (8 mg kg71, Spindel
& Wurtman, 1984) produce noticeable e�ects on cortisol in
man. Nonetheless, our ®nding that three PDE-4 inhibitors
cause marked activation of the HPA axis in the rat supports
our premise (Hadley et al., 1996) that this area warrants
careful and thorough investigation.
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