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The involvement of prostaglandins synthesized by constitutive (COX-1) and inducible
cyclooxygenase (COX-2) in central stimulation of the hypothalamic-pituitary-adrenal
(HPA) axis by adrenergic receptor agonists was investigated in conscious rats. COX-1
and COX-2 inhibitor, piroxicam (0.02 and 0.2 µg) and compound NS-398 (0.01 and
0.1 µg), respectively, were given intracerebroventricularly (i.c.v.) 15 min prior to i.c.v.
adrenergic receptor agonists: phenylephrine (30 µg) and clonidine (10 µg), an �1- and
�2-adrenergic agonist, and isoprenaline (20 µg) a non-selective �-adrenergic agonist
and clenbuterol (10 µg) a selective �2-adrenergic agonist. Piroxicam and NS-398
considerably and dose-dependently reduced the phenylephrine-induced increase in
ACTH and corticosterone secretion. Pretreatment with piroxicam and NS-398
markedly impaired the clonidine-evoked ACTH and corticosterone secretion. Piroxicam
moderately diminished the isoprenaline-elicited increase in ACTH and corticosterone,
while NS-398 did not markedly alter ACTH secretion. The clenbuterol-induced ACTH
and corticosterone responses were considerably impaired by pretreatment with
piroxicam, and slightly less potently by NS-398. These results indicate that in central
structures involved in regulation of the HPA axis both constitutive and inducible
cyclooxygenase are present under normal conditions in rats. These isoenzymes are
significantly involved in the stimulatory signaling transduced by postsynaptic
�1-adrenergic receptors and, to a lesser extent, by �2-adrenergic receptors. Both
isoenzymes affect moderately the stimulatory action of a non-selective �-adrenergic
agonist on ACTH and corticosterone secretion. COX-1 participates considerably and
COX-2 markedly in the potent stimulatory action of selective �2-adrenergic receptors
on HPA axis.
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INTRODUCTION

The major rate-limiting enzymes in prostaglandin synthesis are the
cyclooxygenases (1). It was initially accepted that under basal conditions
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prostaglandins are synthesized by constitutive cyclooxygenase (COX-1).
COX-1 is distributed in neurons throughout the brain, and it is most prevalent
in forebrain, where prostaglandins may be involved in complex integrative
function (1). Presence of inducible cyclooxygenase (COX-2) was detected in
cells of various tissues under physiological conditions, but it expression can be
considerably increased during inflammation or following exposure to mitogenic
stimuli (2—4). Recent studies have shown that COX-2 is also expressed
constitutively in certain parts of the CNS, cortex, hippocampus, hypothalamus,
and spinal cord (5, 6). Although in the rat brain mRNA of both COX
isoenzymes is expressed constitutively, COX-2 is the predominant isoform.
Under physiological conditions COX-2 is expressed at relatively high levels in
discrete populations of neurons during synaptic activity and is mainly present
in excitatory neurons (3). COX-2 protein or mRNA was detected in neurons as
well as in the non-neuronal cells of the central nervous system (CNS) (7).
These findings suggest a role for prostaglandins in CNS transmission and raise
the possibility of modulation in CNS function by selective COX-2 inhibitors
(8).

Prostaglandins are known to play a role in stimulation of the
hypothalamic-pituitary-adrenal axis, including that by adrenergic agents (9, 10)
and neurohormonal systems (11, 12). Previous studies from our laboratory
showed that indomethacin, a non-selective cyclooxygenase inhibitor,
administered i.c.v. altered, to different extent, the responses of the HPA axis to
stimulation by adrenergic agonists that stimulate different subtypes of
adrenergic receptor (11, 13).

In the present experiment we investigated the potential role of constitutive
and inducible cyclooxygenase and prostaglandins synthesized by these
isoenzymes in central adrenergic stimulation of the HPA axis in rats under
basal conditions.

MATERIALS AND METHODS

Male Wistar rats weighing 190—220 g were used in these studies. The
animals were housed in solid bottom cages with sawdust litter, 6 per cage and
were fed on commercial food and water ad libitum. The animal room was
maintained on a 12 h light/dark cycle. All animals were given a one-week
acclimation period before the onset of experimentation. For intracerebroventricular
injections, the skuls of rats were prepared one day earlier under light ether
anesthesia. The rats remained in their home cages until they were scheduled for
treatment. The experiments were performed in accordance with bioethical
requirements and were approved by the local ethical committee.
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General procedures

The experiments were performed in five groups. The rats of control groups
were pretreated i.c.v. with 10 µl of saline or solvent for piroxicam or solvent
for NS-398. Also piroxicam and NS-398 in doses used in experimental groups
were administered i.c.v. to control rats 1 h before decapitation. Experimental
groups were pretreated i.c.v. with piroxicam or NS-398. In these groups of rats
the effect of subsequent i.c.v. administration of adrenergic agonists
phenylephrine, clonidine, isoprenaline or clenbuterol 15 min later on ACTH
and corticosterone secretion was investigated.

Induction of ACTH and corticosterone secretion

The secretion of ACTH and corticosterone was elicited by i.c.v.
administration of adrenergic agonists, phenylephrine (30 µg), an �1-adrenergic
receptor agonist, clonidine (10 µg), an �2-adrenergic receptor agonist,
isoprenaline (20 µg), a non-selective �-adrenergic agonist, and clenbuterol (10
µg), a selective �2-adrenergic agonist.

Inhibition of the constitutively expressed cyclooxygenase (COX-1) was
induced by pretreatment of rats 15 min before each of adrenergic agonist with
piroxicam (0.02-0.2 µg i.c.v.) and inhibition of inducible COX isoenzyme was
induced by pretreatment with a highly selective COX-2 inhibitor NS-398 (0.01
and 0.1 µg i.c.v.).

Preparation of drugs

Drugs used in this study were: L-phenylephrine hydrochloride,
DL-isoproterenol hydrochloride, clenbuterol hydrochloride, piroxicam (Sigma),
NS-398 (Cayman Chemical Co) and clonidine (Boehringer). The doses used
are expressed in terms of salts. Piroxicam was prepared for injection by
sonication in 1% Tween solution, NS-398 was dissolved in ethanol and
adrenergic agonists were dissolved in saline. Solutions were prepared
immediately before use. The drugs or solvents were administered i.c.v. in a
volume of 10 µl per rat.

ACTH and corticosterone determinations

One hour after the last injection the rats were decapitated immediately after
their removal from the cage and their trunk blood samples were collected on
ice in plastic conical tubes containing 200 µl of a solution of 5 mg/ml EDTA
and 500 TIU of aprotinin (Sigma). Control rats were decapitated concurrently
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with the experimental group. Plasma was separated by centrifugation in a
refrigerated centrifuge within 30 min and frozen at -80�C until the time of assay.
Plasma ACTH concentrations were measured using the double antibody 125I
radioimmunoassay obtained from CIS Bio International and calculated as pg/ml
of plasma. The concentration of serum corticosterone was measured
fluorometrically and expressed as µg per 100 ml. To avoid circadian variability,
all experiments were performed between 10—11 a.m. and all decapitations
between 11—12 a.m., when plasma hormones are at a relatively low levels.

Statistics

The results were calculated as a group mean � standard error of the mean.
Statistical evaluation was performed by an analysis of variance, followed by
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Fig. 1. Effect of piroxicam
on the phenylephrine-
-induced ACTH and cortico-
sterone secretion. Piroxicam
was injected i.c.v. 15 min
before i.c.v. phenylephrine.
In Fig. 1—8 one hour after
the last injection the rats
were decapitated. Values re-
present the mean � SEM of
6 rats. +p < 0.05 and
++p < 0.01 vs saline conrol
group; *p < 0.05 vs. res-
pective adrenergic agonist

treated group.



individual comparisons with Duncan’s test. The results were considered to be
significantly different when p < 0.05.

RESULTS

Effect of COX-1 and COX-2 inhibitors on phenylephrine-induced ACTH and

corticosterone secretion

In control groups neither the solvents nor piroxicam or NS-398 given i.c.v.
alone in doses used in experimental groups elicited any marked alterations in
plasma ACTH and serum corticosterone levels in comparision with i.c.v. saline
treated groups.

Phenylephrine (30 µg), an �1-adrenergic receptor agonist, administered i.c.v.
to conscious rats elicited significant increase in ACTH and corticosterone
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Fig. 2. Effect of the
cyclooxygenase-2 inhibitor
NS-398 on the phenyle-
phrine-induced ACTH and
corticosterone response. See

legend to Fig. 1.



secretion measured 1 h later. Pretreatment with piroxicam (0.02 or 0.2 µg), a
constitutive cyclooxygenase (COX-1) inhibitor, 15 min before phenylephrine
dose-dependently diminished the phenylephrine-induced ACTH and corticosterone
secretion. In a lower dose (0.02 µg) piroxicam markedly diminished (38.6 and
27.4%) and in a higher dose (0.2 µg) it considerably reduced (52.3 and 69.6%)
the phenylephrine-evoked increase in ACTH and corticosterone secretion (Fig.

1). Compound NS-398, a selective inhibitor of inducible cyclooxygenase
(COX-2), also dose-dependently decreased the phenylephrine-induced ACTH
and corticosterone responses. Given in a lower dose (0.01 µg) this inhibitor
strongly diminished (46.4 and 22.5%) and in a higher dose (0.1µg) it
significantly reduced (61.5%) the phenylephrine-induced ACTH secretion and
to a lesser extent (30%) decreased corticosterone secretion (Fig. 2).
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Fig. 3. Effect of piroxicam
on the clonidine-elicited
ACTH and corticosterone
secretion. See legend do

Fig. 1.



Effects of COX-1 and COX-2 inhibitors on clonidine-induced ACTH and

corticosterone responses

A significant increase in ACTH and corticosterone secretion induced by
i.c.v. clonidine (10 µg), an �2-adrenergic receptor agonist was markedly,
though not significantly, decreased by pretratment with piroxicam (0.02 or 0.2
µg) by up to 22.2 and 33.5%, respectively (Fig. 3). Pretreatment with NS-398
did not substantially alter the clonidine-induced ACTH and corticosterone
responses (Fig. 4).

Effect of COX-1 and COX-2 inhibitors on isoprenaline-induced ACTH and

corticosterone responses

Piroxicam (0.02 or 0.2 µg i.c.v.) administered 15 min prior to isoprenaline
(20 µg), a non-selective �-adrenergic receptor agonist, did not markedly affect
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Fig. 4. Effect of NS-398 on
the clonidine-induced ACTH
and corticosterone response.

See legend to Fig. 1.



the isoprenaline-induced ACTH and corticosterone secretion. In a lower dose
(0.02 µg) piroxicam moderately decreased (14.1 and 26.8%) the isoprenaline-
-induced ACTH and corticosterone secretion, while in a higher dose (0.2 µg) it
slightly increased (by 11.2%) the isoprenaline-evoked ACTH response and did
not affect corticosterone secretion (Fig. 5). Likewise, compound NS-398, in
both doses used (0.01 and 0.1 µg) moderately diminished (25.5 and 21.4%) the
isoprenaline-induced increase in ACTH secretion, while it modestly augmented
(25.2 and 18.8%) the isoprenaline-induced corticosterone secretion (Fig. 6).

Effect of COX-1 and COX-2 inhibitors on clenbuterol-induced ACTH and

corticosterone responses

In the present experiment clenbuterol (10 µg i.c.v.), a selective �2-adrenergic
receptor agonist, induced much stronger ACTH and corticosterone secretion
than the non-selective �- and �-adrenergic agonists used in this study. The
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Fig. 5. Effect of piroxicam
on the isoprenaline-induced
ACTH and corticosterone
response. See legend to

Fig. 1.



clenbuterol-induced increases in ACTH and corticosterone secretion were
significantly reduced (53.7 and 34.2%) by pretreatment with piroxicam in a
larger dose (0.2 µg), whereas in a lower dose (0.02 µg) it slightly increased
(15.6 and 2.8%) these responses (Fig. 7). The COX-2 inhibitor, NS-398 in a
dose of 0.1µg markedly diminished the clenbuterol-induced ACTH (41%) and
did not significantly weakened (14%) corticosterone secretion. Administered in
a lower dose (0.01µg) NS-398 did not substantially alter the clenbuterol-
-induced ACTH and corticosterone secretion (Fig. 8).

DISCUSSION

In the present experiment pretreatment with the cyclooxygenase-1 inhibitor
piroxicam significantly reduced the phenylephrine-induced increase in ACTH
and corticosterone secretion, by 52 and 70%, respectively. Likewise NS-398, a
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Fig. 6. Effect of NS-398
on the isoprenaline-induced
ACTH and corticosterone
response. See legend to

Fig. 1.



COX-2 inhibitor, significantly and dose-dependently diminished the
phenylephrine-induced ACTH response and to a lesser extent decreased
corticosterone secretion. These findings indicate that in brain structures
involved in activation of the HPA axis both COX-1 and COX-2 are present and
prostaglandins synthesized by these isoenzymes considerably and to a similar
extent mediate the HPA response to �1-adrenergic receptor stimulation. The
occupancy and activation of �1-adrenergic receptors is known to stimulate
rapid hydrolysis of membrane phospholipid to inositol triphosphate (IP3) and
intracellular calcium mobilization. The mechanism of activation of a calcium
channel is related to the action of �1A subtype of adrenergic receptor, whereas
the 1B receptor exerts its effect through the second messenger inositol
triphosphate (14). High levels of �1A- and �1B-adrenergic receptor mRNA were
observed in the hypothalamic paraventricular nucleus where CRH is synthesized
and released during adrenergic stimulation (15, 16). Alpha1-adrenergic receptors
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Fig. 7. Effect of piroxicam
on the clenbuterol-induced
ACTH and corticosterone
response. See legend to

Fig. 1.



also mediate the release of arachidonic acid induced by the activation of
phospholipase A2 (17, 18) which is the rate-limiting step for the generation of
eicosanoids from membrane phospholipids in neurons.

A significant diminution by COX-1 and COX-2 inhibitors of the
phenylephrine-induced ACTH and corticosterone responses in the present
experiment suggests that the phenylephrine-induced arachidonic acid release
results in increased prostaglandins synthesis by both COX-1 and COX-2
pathway. Moreover, a similar inhibition of ACTH secretion by piroxicam and
NS-398, by 52 and 61%, suggests a roughly equal participation of COX-1 and
COX-2 isoenzymes in prostaglandins synthesis stimulated via �1-adrenergic
receptors in hypothalamic structures involved in CRH release. Gradual
decreases in phenylephrine-induced corticosterone secretion by piroxicam and
NS-398 were, according to expectation, parallel with declines in ACTH
secretion.
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Fig. 8. Effect of NS-398
on the clenbuterol-induced
ACTH and corticosterone
response. See legend to

Fig. 1.



COX-1 inhibitor piroxicam (0.02 and 0.2 µg i.c.v.) induced a moderate
decreases in the clonidine-induced ACTH (5.3 and 22.2%) and corticosterone
responses (27.7 and 33.5%), which were not statistically significant in
comparision with the clonidine-elicited responses. Also COX-2 blocker NS-398
(0.01 and 0.1 µg) did not result in any regular or significant alterations in the
clonidine-evoked increase in ACTH and corticosterone levels. These results
suggest that prostaglandins, particularly synthesized by COX-1 izoenzyme, may
be moderately involved in the ACTH and corticosterone response to clonidine,
an �2-adrenergic agonist. Although activation of �2-adrenergic receptor is
coupled to the Gi and results mainly in inhibition of adenylyl cyclase, in some
systems, such as smooth muscle and kidney epithelial cells, it results in
stimulation of phosphoinositol-phospholipase C, thus triggering calcium entry,
which in turn leads to phospholipase A2 activation and the accumulation of
arachidonic acid. Activation of �2-, and �1-adrenergic receptors by clonidine and
phenylephrine is known to release prostaglandins from venous endothelium (19).
It has not been elucidated whether i.c.v. clonidine which stimulates
�2-adrenoceptors on CRH secreting neurons in the hypothalamic paraventricular
nucleus (20) also releases prostaglandins. It is also unclear, whether and to what
extent, these actions of �2-adrenoceptors can affect the function of both
COX-isoenzymes during central HPA axis stimulation with clonidine. Our earlier
study showed significant involvement of prostaglandins in the ACTH and
corticosterone response to i.c.v. clonidine (21). Indomethacin (10 µg i.c.v.), a
non-selective COX inhibitor, considerably diminished the clonidine-induced
increase in plasma ACTH and serum corticosterone levels (45 and 43%) (21,
22). The indomethacin-induced inhibition was greater than that elicited by either
piroxicam or NS-398, a COX-1 or COX-2 inhibitor, in the present experiment
and may represent a sum of the inhibitory action on both cyclooxygenases. Our
present results indicate the involvement of prostaglandins synthesized by COX-1
and COX-2 in the clonidine induced activation of the HPA axis.

Isoprenaline (20 µg i.c.v.), a non-selective �-adrenergic receptor agonist,
considerably augmented ACTH and corticosterone secretion. Isoprenaline-
-induced ACTH and corticosterone secretion was moderately, but not
significantly diminished by pretreatment with COX-1 inhibitor piroxicam (0.02
µg i.c.v.). Likewise, COX-2 inhibitor, NS-398 did not significantly diminish
the isoprenaline-elicited increase in ACTH secretion and moderately increased
corticosterone response. Activation of �-adrenergic receptors increases
intracellular cAMP levels and the synthesis of prostanoids in various tissues, in
the heart and the cultured coronary endothelial cells (23). The present results
corroborate the assumption that prostaglandins synthesized by both
cyclooxygenase isoenzymes via cAMP activation may be moderately involved
in the isoprenaline-induced ACTH secretion under basal in vivo conditions.
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Although isoprenaline has equal affinity for �1- and �2-adrenoceptors, its
central administration induces a preferential regulation of �2-adrenoceptors in
different brain structures, including the hypothalamus (24). Therefore, significant
stimulation of ACTH and corticosterone secretion by i.c.v. isoprenaline in the
present experiment may result from preferential �2-adrenoceptors activation.

Clenbuterol, a selective �2-adrenergic receptor agonist, is far more potent
than isoprenaline in stimulation of the HPA axis. The clenbuterol-induced
considerable rise in ACTH and corticosterone secretion, was significantly
reduced by COX-1 inhibitor, piroxicam (0.2 µg i.c.v.) by 54 and 34%,
respectively. Also COX-2 inhibitor NS-398 (0.1 µg i.c.v.) markedly, though
less potently, decreased this secretion, (41 and 14%). This observation suggests
that prostaglandins synthesized by both cyclooxygenase isoenzymes, COX-1
and COX-2, very markedly mediate ACTH and corticosterone secretion
stimulated centrally by clenbuterol, a selective �2-adrenergic receptor agonist.

We have shown that in the adrenergic-induced ACTH and corticosterone
secretion endogenous nitric oxide (NO) is significantly involved (25).
Inhibition of central neuronal nitric oxide synthase (NOS) by its antagonist
NG-nitrol-L-arginine methyl ester considerably reduced the ACTH and
corticosterone responses to �1- and �2-adrenergic receptors stimulation while
the stimulation induced by �-adrenergic receptors was only moderately
affected. These results agree with the effects of COX blockers on
adrenergic-induced HPA responses in the present experiment and suggest that
inducible COX and iNOS can be coexpressed in hypothalamic structures
involved in the stimulation of HPA axis by i.c.v. administered adrenergic
receptor agonist. Nitric oxide is known as a mediator of increased COX-2
expression in different cell populations, rheumatoid synovial cells (26), rat skin
during neurogenic hyperaemia (27) and in increased renal cortical COX-2
expression system during regulation of arterioral tone (28). However, the exact
interaction between the COX and NO systems in the activation of HPA
response by central stimulation of adrenergic receptors is not exactly known.

In summary, the present study shows that in conscious rats under basal
conditions inducible cyclooxygenase activity is present in brain structures
involved in the regulation of HPA axis. Both COX-1 and COX-2 isoenzymes
participate to a roughly equal extent in central stimulation of the HPA axis by
adrenergic receptor agonists. The most significant involvement of both
cyclooxygenase isoenzymes was observed during �1- and �2-adrenergic
receptors-induced stimulation of the HPA axis. The involvement of these
cyclooxygenases was moderately expressed in the �2- and �-adrenergic
receptors-induced HPA responses.
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