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Abstract

The transcription factor, Fos, is considered as a functional marker of activated neurons. We have shown previously that acute
administration of morphine induces the expression of Fos in hypothalamic nuclei associated with control of the hypothalamus-pituitary-
adrenocortex axis, such as the paraventricular nucleus and the supraoptic nucleus. In the current study, we examined the role of protein
kinase A, protein kinase C and Ca2q entry through L-type Ca2q channels in naloxone-precipitated Fos expression in the paraventricular
and supraoptic nuclei. After 7 days of morphine treatment, we did not observe any modification in Fos production. However, when opioid
withdrawal was precipitated with naloxone a dramatic increase in Fos immunoreactivity was observed in the parvocellular division of the

Žparaventricular nucleus and in the supraoptic nucleus. Chronic co-administration of chelerythrine a selective protein kinase C inhibitor
.acting at its catalytic domain with morphine did not affect the increase in Fos expression observed in nuclei from morphine withdrawn

Ž .rats. In addition, infusion of calphostin C another protein kinase C inhibitor, which interacts with its regulatory domain did not modify
Ž X .the morphine withdrawal-induced expression of Fos. In contrast, when the selective protein kinase A inhibitor,N- 2 guanidinoethyl -5-

Ž .isoquinolinesulfonamide HA-1004 , was infused it greatly diminished the increased Fos production observed in morphine-withdrawn
rats. Furthermore, chronic infusion of the selective L-type Ca2q channel antagonist, nimodipine, significantly inhibited the enhancement
of Fos induction in the paraventricular and supraoptic nuclei from morphine-withdrawn animals. Taken together, these data might indicate
that protein kinase A activity is necessary for the expression of Fos during morphine withdrawal and that an up-regulated Ca2q system
might contribute to the activation of Fos. The present findings suggest that protein kinase A and Ca2q influx through L-type Ca2q

channels might contribute to the activation of neuroendocrine cells in the paraventricular and supraoptic nuclei.q2001 Published by
Elsevier Science B.V.
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1. Introduction

Chronic use of opioids produces tolerancerdependence,
but the molecular mechanisms underlying these phenom-
ena are not well defined. Morphine withdrawal induces a
state of neuronal hyperexcitability in the brain which has
been linked to changes in a number of second messenger

Žsystems and neurotransmitters Maldonado, 1997; Nestler
.and Aghajanian, 1997 . Morphine withdrawal also pro-

duces a complex endocrine alteration in rats, including the
activation of the hypothalamus–pituitary–adrenocortex
axis, the major axis responsible for the maintenance of
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homeostasis. This alteration of the axis is characterized by
Ž .an increase in adrenocorticotropic hormone ACTH and

corticosterone secretion, possibly due to the overproduc-
Ž .tion of corticotropin-releasing factor CRF in the hypotha-

Žlamic paraventricular nucleus Gonzalvez et al., 1994;´
Ignar and Kuhn, 1990; Martınez et al., 1990; Vargas et al.,´

.1997 . These effects may be mediated by noradrenaline:
morphine withdrawal is reported to increase noradrenaline
turnover in the paraventricular nucleus, and this effect is

Žblocked by adrenoceptor antagonists Fuertes et al., 2000a;
Laorden et al., 2000b; Milanes et al., 1998; Vargas et al.,´

.1997 . However, the signal transduction mechanisms re-
sponsible for chronic effects of opioids at a hypothalamic
level are incompletely understood.

Opioid receptors are coupled by GrG protein toi 0

intracellular signalling responses by acting on effector
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molecules such as adenylate cyclase or phospholipase or
by regulating ion channel function. The protein kinase
pathway is now known as a major pathway for signal
transduction from cell-surface opioid receptors to nuclear
transcriptional activation. Although them-opioid receptor
is negatively coupled to the adenylate cyclasercAMP-de-

Ž .pendent protein kinase protein kinase A pathway upon
Ž .acute stimulation Childers, 1991 , the protein kinase A

pathway has been shown to be up-regulated in several
Žbrain areas during chronic morphine treatment Nestler,

.1992 . Therefore, up-regulation of the adenylate cy-
clasercAMP transduction system is currently the best
characterized potential mechanism for opioid tolerance and
dependence. Recently, a number of intracellular pathways
have been suggested to play a role in opioid tolerancerde-
pendence. The chronic adaptive molecular mechanisms in

Žthese phenomena involve protein kinases protein kinase
.A, protein kinase C and mitogen-activated protein kinase

and intracellular Ca2q, which are involved in a wide
variety of cellular regulatory and signalling processes in-

Žvolving protein phosphorylation and gene expression Mao
et al., 1995; Nestler and Aghajanian, 1997; Nestler, 1992;

.Schulz and Hollt, 1998; Van Haasteren et al., 1999 .¨
Many drugs of abuse, including opioids, induce imme-

Ž .diate-early gene expression Hughes and Dragunow, 1995 .
The immediate-early gene, c-fos, and the expression of its

Ž .protein product the transcription factor Fos have been
proposed to reflect second messenger activation and to
serve as sensitive indicators of neuronal activation, leading
to longer term adaptive responses mediated by the regula-

Žtion of other delayed response genes Hughes and Dra-
.gunow, 1995; Morgan and Curran, 1991 . Previous studies

from this laboratory and others have demonstrated that
acute activation of opioid receptors causes induction of the
immediate-early gene c-fos in localized areas of the brain
ŽCurran et al., 1996; Gutstein et al., 1998; Laorden et al.,

.2000a . Thus, administration of morphine induced the
neuronal expression of Fos within neurons of the parvocel-
lular division of the hypothalamic paraventricular nucleus,
which regulates the hypothalamus–pituitary–adrenocortex

Ž .axis Laorden et al., 2000a . In addition, chronic morphine
administration has been shown to alter immediate-early
genes that are expressed in specific brain areas that are

Žnormally responsive to acute morphine treatment Frankel
.et al., 1999; Nye and Nestler, 1996 . We have previously

demonstrated that during chronic morphine administration,
tolerance develops towards the activation of Fos expres-
sion within hypothalamic nuclei. In addition, morphine
withdrawal induces the expression of Fos protein in neu-
rons that correspond to the parvocellular paraventricular
nucleus, the primary location of the tuberoinfundibular
CRF cells, which constitute the apex of the hypothala-

Ž .mus–pituitary–adrenocortex axis unpublished data . The
transcription factor Fos has also been shown to be altered

Žin other brain areas following morphine withdrawal Beck-
.mann et al., 1995; Frankel et al., 1999 .

Recent evidence suggests that long-term adaptations to
chronic opioid exposure may involve changes in gene
expression, which lead to changes in neurotransmission
ŽBlendy and Maldonado, 1998; Nestler and Aghajanian,

.1997 . Transcription factors, such as c-AMP response ele-
Ž .ment-binding protein CREB and the FosrJun family,

have been proposed as a potential mechanism in opioid
addiction. Several kinases are known to activate Fos ex-

Žpression, including protein kinases A and C Hughes and
. 2qDragunow, 1995 . In addition, Ca influx has also been

Žshown to trigger the expression of Fos Cruzalegui and
.Bading, 2000; Van Haasteren et al., 1999 . Therefore,

protein kinases and intracellular Ca2q may have an impor-
tant role in the signal transduction to the nucleus.

The present experiments tested whether alterations of
protein kinase A, protein kinase C andror Ca2q influx
through L-type Ca2q channels underlie the changes in
c-fos expression in hypothalamic nuclei associated with
chronic morphine treatment and withdrawal. This was
assessed by chronically infusing specific inhibitors of pro-
tein kinase A and protein kinase C and a selective antago-
nist of L-type Ca2q channels. We report the results of a
series of experiments performed to elucidate the signalling
pathways of morphine withdrawal which lead to Fos ex-
pression. Our data suggest that Ca2q entry and protein
kinase A activation are required for c-fos induction during
withdrawal in hypothalamic nuclei that control hypothala-
mus–pituitary–adrenocortex axis activity.

2. Materials and methods

2.1. Animals and experimental procedure

ŽMale Sprague–Dawley rats 220–230 g at the begin-
.ning of the experiments were housed four to five per cage

Ž .under a 12-h lightrdark cycle L: 08:00-20:00 h in a
Ž .room with controlled temperature 22"2 8C , humidity

Ž .50"10% , and food and water available ad libitum. All
surgical and experimental procedures were performed in
accordance with the European Communities Council Di-

Ž .rective of 24 November 1986 86r609rEEC and the
Local Committee.

Groups of rats were rendered tolerantrdependent on
Žmorphine by s.c. implantation of morphine base pellets 75

.mg , one on day 1, two on day 3 and three on day 5, under
light ether anesthesia. Control animals were implanted
with placebo pellets containing lactose instead of morphine
on the same time schedule. This morphine treatment
paradigm has been shown to produce profound states of
tolerance and dependence and to result in characteristic
biochemical adaptations within the paraventricular nucleus

Žand behavioral alterations Couceyro and Douglass, 1995;
Fuertes et al., 2000a,b; Milanes et al., 1998; Vargas et al.,´

.1997 . Animals were co-treated for 7 days with Milli-Q
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Ž .water vehicle , via s.c. implantation of osmotic minipumps
Ž .Alzet mod. 2001, 1mlrh . On day 8 the animals pre-
treated with morphine or placebo pellets were injected

Ž .with saline s.c. or naloxone 5 mgrkg s.c. . Withdrawal
signs were observed before and for 30 min after adminis-
tration of the opioid receptor antagonist or saline, at which
time many of the acute behavioral effects are manifest
Ž .Guitart and Nestler, 1989 .

In order to determine the effect of inhibiting protein
phosphorylation and to test the involvement of Ca2q in the
morphine-withdrawal induced expression of immediate-
early genes, Fos expression was determined in tole-
rantrdependent and naive rats pretreated with inhi-
bitors of protein kinase A, protein kinase C and L-type
Ca2q channels, and compared with that observed in toler-
antrdependent and naive animals that had not been so
treated. Briefly, animals were continuously infused for 7

Ždays, via s.c. osmotic minipumps Alzet mod. 2001, 1
. Žmlrh , with HA-1004 a protein kinase A-selective in-

. Žhibitor; 40 nmolrday , chelerythrine a protein kinase
.C-selective inhibitor; 10, 20 or 40 nmolrday , calphostin

Ž .C a protein kinase C selective inhibitor; 40 pmolrday or
Ž 2qnimodipine a specific L-type Ca channels antagonist;
.48 mgrday . The selection of the drug doses used in this

study was based on the IC value observed in rat brain for50
Žprotein kinase A and protein kinase C inhibitors Herbert

.et al., 1990; Kobayashi et al., 1989 and on the dose that
has been demonstrated to be effective in inhibiting some
hypothalamic biochemical changes induced during mor-

Žphine withdrawal Fundytus and Coderre, 1996; Vargas et
.al., 1997 . Minipumps were implanted simultaneously with

the chronic morphine or placebo pellets. Pumps were
primed for 5 h before implantation at 378C in sterile saline

Ž .in order to obtain an optimal flow rate 1mlrh . On day 8,
a withdrawal syndrome was induced by s.c. injection of

Ž . Ž .naloxone 5 mgrkg s.c. or saline controls .

2.2. Tissue preparation and Fos-immunohistochemistry

ŽRats were killed with an overdose of pentobarbital 100
.mgrkg i.p. 90 min after s.c. administration of naloxone or

saline. The delay of 90 min after the opioid antagonist or
control injection was chosen since it was previously
demonstrated that the peak of stimulated Fos in the brain

Ž .occurs at 90 min Morgan and Curran, 1991 . After anes-
thesia, rats were perfused transcardially with 300 ml of

Ž .phosphate-buffered saline PBS; pH 7.4 followed by 500
Ž .ml of cold, 4% paraformaldehyde in PBS by pH 7.4 .

Prepared on a Vibratome, a total of 18 hypothalamic
sections were taken for each animal, corresponding to
Plates 23–26 in the atlas of Palkovits and Brownstein
Ž .1988 , and contained the hypothalamic supraoptic and

Žparaventricular nuclei plane of sections relative to bregma:
y1.3 mm for supraoptic nuclei;y1.8 mm for paraventric-

Ž .ular nuclei Paxinos and Watson, 1998 .

To optimize antibody penetration, the expression of Fos
protein was examined in free floating sections, which were
collected serially in adjacent sets, shaken in PBS for at
least 30 min to remove the fixative and processed for

Žimmunohistochemistry, as described previously Laorden
.et al., 2000a . Briefly, the sections were preincubated for

20 min in absolute methanol plus 30% H O to block2 2

endogenous peroxidase activity. They were rinsed in PBS
Ž . Žtwice 15 min each and treated with NSS-PBS PBS

Žcontaining 1% normal swine serum Dako, Gostrup. Den-
. .mark and 0.5% Triton X-100 for 30 min. All sections

were then reacted with the primary polyclonal Fos anti-
Žbody dilution 1:3000 in NSS-PBS; sc253, Santa Cruz

.Biotechnology, Santa Cruz, CA for 36 h at 48C. The
bound primary antibody was then localized by biotynilated

Žanti-rabbit IgG dilution 1:200 in NSS-PBS, Vector,
.Burlingame, CA and subsequently with the avidin–biotin

Ž .complex ABC kits; Vector at room temperature for 1 h
each. Visualization of the antigen-antibody reaction sites

X Ž .was achieved with 0.033% 3,3 -diaminobenzidine Sigma
and 0.014% H O in 0.05 M Tris–HCl buffer for 7 min.2 2

The reaction was stopped with PBS. The sections were
mounted onto glass slides coated with gelatine, air dried,
dehydrated through graded alcohol solutions, cleared in
xylene and cover-slipped with DPX.

2.3. Quantification of Fos immunoreactiÕity

Fos-like immunoreactivity was detected under a light
microscope. The density of Fos-like immunostaining of
nuclei was evaluated with a computer-assisted image anal-

Ž .ysis system as described previously Laorden et al., 2000a .
ŽThis system consists of a Axioskop microscope Carl

.Zeiss, Germany connected to a videocamera and an Imco
Ž .10 computer Kontron Instrument, Bildanalyse, Germany

Ž .with Microm Image Processing software Microm, Spain .
The 3–4 sections of each nuclei showing the highest level
of Fos immunoreactivity were selected for quantitative

Ž .image analysis. A square field 93.5 m side was superim-
posed upon the captured image to be used as a reference
area. The area of Fos-immunolabeling included in this
square was used to estimate the immunoreactivity, and the
percentage of Fos immunoreactivity was evaluated. Based
on orientation criteria, the medial parvocellular neurosecre-
tory portion of the paraventricular nucleus was defined
after the adjacent boundaries of the posterior magnocellu-

Žlar and periventricular parts had been identified Swanson
.and Simmons, 1989 . For this nucleus, the density of

Fos-like immunostaining at 3–4 rostrocaudal levels en-
compassing the parvocellular zone, the primary location of
tuberoinfundibular CRF cells, was used to estimate the Fos
immunoreactivity. The percentage of Fos immunoreactiv-
ity of both the right and left sides of 3–4 sections for each
nucleus was averaged per animal. Measures were also
averaged in each experimental group for the paraventricu-
lar and supraoptic nuclei.
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2.4. Drugs

ŽPellets of morphine base Ministerio de Sanidad y
. Ž .Consumo, Madrid, Spain and lactose placebo were pre-

pared by the Department of Pharmacy and Pharmaceutic
Ž .Technology University of Granada, Granada, Spain .

Ž .Naloxone HCl was purchased from Sigma St Louis, MO ,
Ž .dissolved in sterile 0.9% NaCl saline and given in a

Ž Žvolume of 0.1 mlr100 g. Nimodipine isopropyl- 2-
. Ž .methoxyethyl -1,4-dihydro-2,6-dimethyl-4- 3-nitrophenyl -

.3,5-pyridinedicarboxylate was purchased from Sigma and
Ž .diluted in polyethylene glycol 400 PEG ; all manipula-

tions were carried out under sodium light. HA-1004 HCl
Ž Ž X .N- 2 guanidinoethyl -5-isoquinolinesulfonamide, a pro-

Ž .tein kinase A-selective inhibitor Hidaka et al., 1984 , was
Žpurchased from Sigma and dissolved in Milli-Q Millipore,

.Bedford, MA sterile water. Chelerythrine HCl, a protein
Žkinase C-selective inhibitor Herbert et al., 1990; L.C.

.Labs., Woburn, MA , was prepared in Milli-Q water.
Ž Ž Ž Ž . .Calphostin C 2- 12- 2- benzoyloxy propyl -3,10-dihydro-

4,9-dihydroxy-2,6,7,11-tetramethoxy-3,10-dioxo-1-peryle-
.nyl -1-methylethyl carbonic acid 4-hydroxyphenyl ester,

Žanother specific protein kinase C inhibitor Kobayashi et
. Ž .al., 1989 , was purchased from RBI Natick, MA , dis-

Ž .solved in dimethyl sulfoxide DMSO and serially diluted
Ž .in Milli-Q water final concentration of DMSO was 0.06% .

Aliquots of the stock solutions were stored aty30 8C until
used for experimentation, and those of nimodipine were
protected from light at all times. The chronic delivery of
nimodipine, HA-1004, chelerythrine and calphostin C was
achieved by means of Alzet 2001 osmotic minipumps
Ž .Alza, Palo Alto, CA , which deliver at a rate of 1mlrh.
DMSO and other reagents for immunohistochemistry were
purchased from Sigma.

2.5. Statistical analysis

All values are expressed as means"S.E.M. Data were
Ž .analyzed by analysis of variance ANOVA , followed by

the Newman–Keul’s post hoc test. Differences with aP
value less than 0.05 were considered significant.

3. Results

3.1. Chronic morphine regulation of Fos immunoreactiÕity
in the paraÕentricular and supraoptic nuclei

To allow for any effects on Fos expression that 0.06%
Ž . ŽDMSO the vehicle of calphostin C or PEG the vehicle

.of nimodipine could have, in preliminary experiments Fos
immunoreactivity was determined in the paraventricular
and supraoptic nuclei in rats chronically infused with
DMSO, PEG or Milli-Q water. Fos immunoreactivity was
not different among the three treatments. So, in the remain-
ing studies Fos immunoreactivity values obtained after
pretreatment with kinase or L-type Ca2q channel modifiers

Žwere compared with those for appropriate vehicle Milli-Q
.water -treated controls.

To assess the effects of chronic morphine administra-
tion on Fos protein production, animals received a 7-day
pellet treatment regimen, which is known to produce toler-

Ž .ance and dependence see Materials and methods , con-
comitantly with infusion of vehicle via osmotic minipumps.
Our previous report has demonstrated that c-fos is induced
in the hypothalamic paraventricular and supraoptic nuclei

Ž .after acute morphine administration Laorden et al., 2000a .
As shown in Fig. 1A and C, no immunoreactivity was
induced in either the paraventricular nucleus or the
supraoptic nucleus 90 min after saline injection in rats

Ž .treated chronically with morphine tolerance compared
with the respective control group receiving placebo instead
of morphine.

3.2. Induction of Fos immunoreactiÕity during naloxone-
precipitated morphine withdrawal

After the 7-day chronic treatment regimen, physical
opioid withdrawal was precipitated by administration of

Fig. 1. Quantitative analysis of Fos immunoreactivity in the paraventricu-
lar and supraoptic nuclei after naloxone-precipitated withdrawal in vehi-

Ž .cle-infused rats A,C and in animals chronically administered with
Ž .chelerythrine B,D . Animals received s.c. implantation of placebo or

Ž .morphine 75 mg pellets for 7 days and concomitantly were infused with
Ž .vehicle or chelerythrine 10, 20 or 40 nmolrday . On day 8, rats were

Ž .injected with naloxone 5 mgrkg s.c. or s.c. saline and 90 min later the
paraventricular and supraoptic nuclei were analyzed for Fos immuno-
reactivity by immunohistochemistry. Data are expressed as means"

S.E.M. for 4–6 animals in each treatment group.)))P-0.001 com-
pared with its corresponding control group;qqqP-0.001 compared
with animals treated with vehicle plus morphine plus naloxone.
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Ž .naloxone 5 mgrkg s.c. on day 8. All animals demon-
strated behaviors and autonomic characteristics of mor-
phine withdrawal, including teeth chattering, tremor,
lacrimation, rhinorrhea, ptosis, wet-dog shakes, jumping
and irritability. Consistent with our earlier observations,
after 90 min of withdrawal there was a dramatic increase
Ž .P-0.001 in Fos immunoreactivity in the paraventricular
and supraoptic nuclei compared with that in the naive
group injected with naloxone or that in the dependent

Ž .group injected with saline Figs. 1A,C, 2A and 3A . In rats
chronically treated with placebo, the administration of

Ž .naloxone 5 mgrkg did not modify Fos expression in the
paraventricular nucleus or in the supraoptic nucleus com-
pared with that in control animals receiving s.c. saline

Ž .instead of naloxone Fig. 1A and C .

3.3. Expression of dependence on morphine as determined
by Fos induction does not require protein kinase C sig-
nalling

ŽChronic co-administration of chelerythrine 10, 20 or 40
.nmolrday with morphine did not affect the increase in

Fos expression observed after naloxone-precipitated mor-
phine withdrawal in the paraventricular and supraoptic
nuclei. Examples are shown in Figs. 2B and 3B: many
Fos-positive nuclei were observed in the paraventricular
and supraoptic nuclei in rats co-administered with chelery-
thrine and morphine pellets. Quantitative analysis showed

Žthat administration of various doses 10, 20 or 40 nmolrday
.for 7 days of this selective protein kinase C inhibitor did

not block the morphine withdrawal-induced expression of
Ž .Fos in hypothalamic nuclei Fig. 1B and D . In addition,

the Fos immunoreactivity in the paraventricular nucleus
Ž .was significantly P-0.001 higher when chelerythrine

was infused at doses of 20 and 40 nmol than that in
dependent animals receiving vehicle instead of chelery-

Ž .thrine Fig. 1A,B . Chronic infusion of chelerythrine at
Ž .doses of 10, 20 data not shown or 40 nmolrdayr7 days

did not modify the Fos immunoreactivity in placebo groups
injected with saline or naloxone or in the tolerant group
given saline when compared with the corresponding con-
trol groups infused with vehicle instead of chelerythrine
Ž .Fig. 1 .

Chelerythrine selectively inhibits the activation of pro-
tein kinase C by interacting directly with its catalytic

Ž .domain Herbert et al., 1990 . To test whether inhibition at
the protein kinase C regulatory site would affect the
morphine withdrawal-induced expression of Fos in the
hypothalamic nuclei, another protein kinase C inhibitor,
calphostin C, was tested. This agent interacts with the

Žregulatory domain of protein kinase C Kobayashi et al.,
. Ž .1989 . Calphostin C 40 pmolrday coadministered with

morphine for 7 days did not alter the morphine with-
drawal-induced expression of Fos either in the paraventric-
ular or in the supraoptic nuclei. As shown in Figs. 2D and
3D, many Fos-positive nuclei were seen in the parvocellu-
lar part of the paraventricular nucleus and in the supraoptic
nucleus. Compared with vehicle-infused morphine-depen-
dent animals, rats administered calphostin C showed a
similar expression of Fos protein in the paraventricular

Ž .Fig. 2. Photomicrographs of Fos immunoreactivity in the paraventricular nucleus 90 min after naloxone 5 mgrkg s.c. injection to morphine-dependent
Ž . Ž . Ž . Ž .rats cotreated for 7 days with vehicle A , chelerythrine 20 nmolrday B , HA-1004 40 nmolrday C or calphostin C 40 pmolrday D . Scale bar,

118mm.
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Ž .Fig. 3. Photomicrographs of Fos immunoreactivity in the supraoptic nucleus 90 min after naloxone 5 mgrkg s.c. injection to morphine-dependent rats
Ž . Ž . Ž . Ž .cotreated for 7 days with vehicle A , chelerythrine 10 nmolrday B , HA-1004 40 nmolrday C or calphostin C 40 pmolrday D . Scale bar, 118mm.

Ž . Ž .nucleus Fig. 4B and the supraoptic nucleus Fig. 4D . As
Fig. 4 depicts, neither the placebo group treated with saline
or naloxone nor the tolerant group injected with saline

Fig. 4. Quantitative analysis of Fos immunoreactivity in the paraventricu-
lar and supraoptic nuclei after naloxone-precipitated withdrawal in vehi-

Ž .cle-infused rats A,C and in animals chronically administered with
Ž .calphostin C B,D . Animals received s.c. implantation of placebo or

Ž .morphine 75 mg pellets for 7 days and concomitantly were infused with
Ž .vehicle or calphostin C 40 pmolrday for 7 days. On day 8, rats were

Ž .injected with naloxone 5 mgrkg s.c. or s.c. saline and 90 min later the
paraventricular and supraoptic nuclei were analyzed for Fos immuno-
reactivity by immunohistochemistry. Data are expressed as means"

S.E.M. for 4–6 animals in each treatment group.)))P-0.001 com-
pared with its corresponding control group.

showed any modifications in Fos immunoreactivity in the
hypothalamic nuclei when compared with the correspond-
ing control groups infused with vehicle instead of cal-
phostin C.

3.4. InÕolÕement of protein kinase A in the morphine
withdrawal-stimulated Fos induction

Having established that protein kinase C inhibitors did
not affect Fos induction during morphine withdrawal, we
then sought to determine whether increased protein kinase
A activity is responsible for the naloxone-induced expres-
sion of c-fos in morphine-dependent rats. For this purpose,

Žthe selective protein kinase A inhibitor HA-1004 40
.nmolrday was coadministered with morphine for 7 days

and Fos immunoreactivity was examined on day 8, 90 min
after naloxone injection. In morphine-dependent rats in-
fused with the protein kinase A inhibitor, naloxone-in-
duced Fos expression was prevented in the paraventricular

Ž .nucleus Fig. 2C . Similar results were obtained in the
Ž .supraoptic nucleus Fig. 3C . Quantitative analysis showed

that the Fos immunoreactivity measured after naloxone
injection to rats chronically treated with morphine plus

Ž .HA-1004 was significantly P-0.001 lower in the par-
Ž .aventricular and supraoptic nuclei Fig. 5B,D than that in

animals receiving vehicle instead of HA-1004. In addition,
there were no significant differences in Fos immuno-
reactivity among dependent animals infused with HA-1004
and injected with naloxone, the dependent rats infused
with HA-1004 and injected with saline, and the placebo
group infused with the protein kinase A inhibitor and
injected with naloxone. Chronic infusion of HA-1004 did
not modify the basal Fos immunoreactivity in placebo
control rats when compared with that obtained in the
placebo group infused with vehicle instead of the protein
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Ž .kinase A inhibitor Fig. 5 . These data suggest that protein
kinase A-dependent mechanisms might play a role in the
expression of morphine dependence, as estimated by c-fos
expression in hypothalamic nuclei that regulate the hypo-
thalamus-pituitary-adrenocortex axis.

3.5. InÕolÕement of Ca2q entry through L-type Ca2q

channels on the increased Fos expression during morphine
withdrawal

We have shown previously that chronic perfusion of the
L-type Ca2q channel blocker, nimodipine, attenuates the
hyperactivity of the hypothalamus-pituitary-adrenocortex

Žaxis as estimated by increased noradrenaline turnover in
the paraventricular nucleus and augmented corticosterone

.secretion after naloxone precipitated-withdrawal in mor-
Ž .phine-dependent rats Vargas et al., 1997 . To determine

whether the blockade of Ca2q entry can further attenuate
Fos expression in paraventricular and supraoptic nuclei
from morphine-dependent rats, we tested the effect of the
selective L-type Ca2q channel blocker, nimodipine on the
induction of Fos protein in morphine-dependent rats. Ni-

Fig. 5. Quantitative analysis of Fos immunoreactivity in the paraventricu-
lar and supraoptic nuclei after naloxone-precipitated withdrawal in vehi-

Ž .cle-infused rats A,C and in animals chronically administered with
Ž .HA-1004 B,D . Animals received s.c. implantation of placebo or mor-

Ž .phine 75 mg for 7 days and concomitantly were infused with vehicle or
Ž . ŽHA-1004 40 nmolrday . On day 8, rats were injected with naloxone 5
.mgrkg s.c. or s.c. saline and 90 min later the paraventricular and

supraoptic nuclei were analyzed for Fos immunoreactivity by immunohis-
tochemistry. Data are expressed as means"S.E.M. for 4–6 animals in
each treatment group.)))P-0.001 compared with its corresponding
control group;qqqP-0.001 compared with animals treated with vehi-
cle plus morphine plus naloxone.

Fig. 6. Quantitative analysis of Fos immunoreactivity in the paraventricu-
lar nucleus after naloxone-precipitated withdrawal in vehicle-infused rats
Ž . Ž .A and in animals chronically administered with nimodipine B . Ani-

Ž .mals received s.c. implantation of placebo or morphine 75 mg pellets
for 7 days and concomitantly were infused with vehicle or nimodipine
Ž . Ž .48mgrday . On day 8, rats were injected with naloxone 5 mgrkg s.c.
or s.c. saline and 90 min later the paraventricular nucleus was analyzed
for Fos immunoreactivity by immunohistochemistry. Data are expressed
as means"S.E.M. for 4–6 animals in each treatment group.)))P-

0.001 compared with its corresponding control group;qqqP-0.001
compared with animals treated with vehicle plus morphine plus naloxone.

Ž .modipine 48mgrday was coadministered with morphine
Ž .for 7 days. Nimodipine significantlyP-0.001 reduced

the enhancement of Fos immunoreactivity in the paraven-
tricular nucleus 90 min after naloxone injection in mor-
phine-dependent rats when compared to that in the depen-
dent group infused with vehicle instead of nimodipine
Ž .Fig. 6 . Moreover, nimodipine dramatically suppressed
the expression of Fos in the supraoptic nucleus in placebo
groups and in the morphine-dependent animals. These
results indicate that L-type Ca2q channels play a promi-
nent role in the enhancement of Fos protein in hypothala-
mic nuclei during morphine withdrawal.

4. Discussion

The present study shows that naloxone-precipitated
morphine withdrawal is manifested by the neuronal expres-
sion of the transcription factor, Fos, within neurons that
anatomically correspond to the parvocellular division of
the paraventricular nucleus. This nucleus is the main site

Ž .of tuberoinfundibular CRF and vasopressin AVP cells,
which constitute the apex of the hypothalamus–pituitary–
adrenocortex axis. This transcription factor may regulate a
subsequent pattern of gene expression, thereby mediating
the long-term consequences of trans-synaptic stimulation

Ž .at a hypothalamic level Kovacs, 1998 . The present inves-´
tigation also shows that morphine withdrawal promotes the
expression of Fos in the supraoptic nucleus, which is
implicated in the neuroendocrine control of the paraven-

Ž .tricular nucleus Blake et al., 1996; Klein et al., 1991 . In
rats dependent on morphine, the hypothalamus-pituitary-
adrenocortex axis is characterized by a marked response

Žafter naloxone-induced withdrawal Martınez et al., 1990;´
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.Pechnick, 1993 . In particular, there is an increase in the
Žrelease of ACTH and corticosterone Fuertes et al., 2000a;

.Pechnick, 1993 . This secretory activity of the axis results
from an increase in noradrenergic pathways impinging on

Žthe paraventricular nucleus Laorden et al., 2000b; Milanes´
.et al., 1998 . Furthermore, increased activity of the hypo-

thalamus–pituitary–adrenocortex axis can be seen at a
hypothalamic level, where there is an increase of CRF
messenger RNA translation and changes in CRF and AVP
content in the paraventricular nucleus and median emi-

Žnence during morphine withdrawal Lightman and Young,
.1988; Milanes et al., 1998 . Increased c-fos mRNA or Fos´

immunoreactivity within the central nervous system has
Žbeen used as a marker of neuronal activation Hughes and
.Dragunow, 1995; Morgan and Curran, 1991 . As Fos

protein functions as a transcription factor, its induction
may extend to the level of gene regulation of critical
hypothalamic hormone precursors, such as CRF andror
AVP, which trigger hypothalamus–pituitary–adrenocortex
activation. Thus, the activation of parvocellular neurons of
the paraventricular nucleus from morphine withdrawn rats
might be related to the activation of Fos protein.

Protein phosphorylation represents a major intracellular
regulatory mechanism. Protein kinases are primary targets
of intracellular second messengers in most signalling cas-
cades. These effectors are involved in the regulation of
different cellular processes, including gene expression
Ž .Taylor et al., 1992 . Changes in protein kinase A and
protein kinase C pathways have been suggested as one of
the molecular mechanisms of opioid tolerance and depen-

Ždence Nestler and Aghajanian, 1997; Tokuyama et al.,
. Ž1995 . Based on their respective sites of action Hofmann,
.1997 , the protein kinase C inhibitors used in the present

study would be predicted to inhibit most, if not all, of the
isoforms of protein kinase C that have been cloned from
mammalian species. The results of the present study
strongly suggest that the expression of morphine depen-
dence in terms of Fos induction in hypothalamic nuclei
involves protein kinase A but not protein kinase C sig-
nalling mechanisms. Thus, the inhibition of protein kinase

ŽC activity at either the catalytic or the regulatory site with
.chelerythrine or calphostin C, respectively did not modify

the increased Fos expression during morphine withdrawal.
Moreover, chelerythrine at doses of 20 and 40 nmolrday
potentiated the morphine withdrawal-induced expression
of Fos in the paraventricular nucleus. Thus, these data do
not support a role for protein kinase C-mediated phospho-
rylation in the morphine withdrawal-induced expression of
c-fos in hypothalamic nuclei. However, the present results
do not preclude a role for this kinase in other sequelae of
morphine dependence. Indeed, several studies have indi-
cated that protein kinase C is involved in opioid tolerance

Žand dependence Narita et al., 1994a; Smart and Lambert,
.1996 . It is possible that the protein kinase C pathway is

differentially affected by morphine withdrawal in different
regions of the brain or that Fos protein is not a target of

protein kinase C during morphine withdrawal at a hypotha-
lamic level.

The present data indicate that chronic inhibition of
Žprotein kinase A with the selective protein kinase A
.inhibitor, HA-1004 concurrently with morphine treatment

significantly blocks the Fos production during morphine
withdrawal in both the paraventricular and supraoptic nu-
clei. Withdrawal from morphine has been shown to be
associated with marked increases in cAMP and protein

Žkinase A activity in the locus ceruleus Nestler and Agha-
.janian, 1997; Nestler, 1992 . Our findings are consistent

with the observation that protein kinase A is up-regulated
during chronic morphine administration and suggest that
protein kinase A activity is necessary for the expression of
Fos during morphine withdrawal. It has been established

Žthat protein kinase A can phosphorylate Fos Hughes and
.Dragunow, 1995 . In addition, both protein kinase A and

protein kinase C have been shown to induce c-fos
Ž .Hagiwara et al., 1996 . From the present results, we can
affirm that one of the components of the morphine with-
drawal signal transduction pathway that is a target for
protein kinase A in hypothalamic nuclei controlling the
hypothalamus–pituitary–adrenocortex axis is the c-fos
gene. Transactivation of c-fos by protein kinase A might
lead to increased expression of genes with activator pro-

Ž .tein-1 AP-1 sites in their promoters, such as AVP or
tyrosine hydroxylase, the rate-limiting enzyme in the

Ž .biosynthesis of catecholamines Kovacs, 1998 . Previous´
studies have also revealed AP-1 sites on the CRF gene,
although it has not been clarified whether these sites are
functionally linked to transcriptional activation of the CRF

Ž .gene Vamvakopoulos and Chrousos, 1993 . The protein
kinase A inhibitor HA-1004 was not able to modify the
basal Fos immunoreactivity in the nuclei from either the
naive animals or the tolerant rats receiving saline s.c.
instead of naloxone. This indicates that the ability of the
protein kinase A inhibitor to abolish the increase in Fos
immunoreactivity is due to its ability to antagonize a
biochemical event that results from naloxone-precipitated
withdrawal and which does not occur under physiological
conditions or during the development of morphine toler-
ancerdependence at a hypothalamic level. Whereas the
present study does not address the role of protein kinase A
in the increased Fos expression seen in the paraventricular
and supraoptic nuclei during the development of morphine
tolerance, such a role has been described for protein kinase

ŽA in the development of antinociceptive tolerance Narita
.et al., 1994b .

Recently, we have shown that the blockade of Ca2q

channels attenuates the increase in the hypothalamus–
pituitary–adrenocortex axis activity observed after nalox-

Ž .one-induced morphine withdrawal Vargas et al., 1997 .
Thus, hypothalamic noradrenaline turnover and 3-me-

Žthoxy-4-hydroxyphenylethylene glycol MHPG; the me-
.tabolite of noradrenaline in the central nervous system

production, which are both elevated during withdrawal,
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returned to control levels in rats perfused chronically with
nimodipine, concomitantly with a reduction in cortico-
sterone secretion. In the present study, we further exam-
ined the possible requirement for Ca2q entry in the activa-
tion of Fos expression in morphine-withdrawn rats. Ca2q

not only regulates neurotransmitter release but also acts as
a key mediator of adaptive responses that involve changes
in gene transcription. For example, Ca2q influx through
L-type Ca2q channels potently stimulates transcription me-

Ž .diated by the cAMP response element CRE . The predom-
inant mechanism by which Ca2q signals are further pro-
cessed within the cytoplasm and the nucleus involves

Ž .protein kinase cascades Cruzalegui and Bading, 2000 . In
addition, it is accepted that genes coding for transcription

Ž . 2qfactors fos, jun are the immediate targets of Ca sig-
Ž .nalling Van Haasteren et al., 1999 .

The present results indicate that the increase in Fos
immunoreactivity in the parvocellular division of the par-
aventricular nucleus seen after naloxone-induced with-
drawal was significantly attenuated by chronic pretreat-
ment with the L-type Ca2q channel blocker nimodipine
Ž . 2q48 mgrday , consistent with a role for Ca influx in the
expression of morphine dependence, as estimated by Fos
induction. In addition, nimodipine dramatically abolished
the Fos production in the supraoptic nucleus in both the
placebo groups and the tolerantrdependent rats. Taken
together, these data indicate that an up-regulated Ca2q

system might contribute to the activation of neuroen-
docrine cells in the parvocellular division of the paraven-
tricular nucleus and in the supraoptic nucleus. Our data
agree with the finding that chronic administration of Ca2q

channel blockers can attenuate the expression of depen-
Ždence Kochuvelikakam and Levine, 1997; Tokuyama et
.al., 1995 . Recent reports have shown that activation of

opioid receptors can augment several components of neu-
ronal Ca2q signalling pathways and, as a consequence,
enhance the intracellular Ca2q signal, which can contribute

Žto the long-term effects of opioids Przewlocki et al.,
.1999 .

In summary, we demonstrated that the increased expres-
sion of Fos in the parvocellular part of the paraventricular
nucleus and in the supraoptic nucleus from morphine-
withdrawn rats occurs via a protein kinase A-dependent
pathway. We further showed that Fos expression after
naloxone-precipitated morphine withdrawal also appears to
require Ca2q influx through L-type Ca2q channels. Clearly,
a better understanding of the functional role played by
c-fos during morphine withdrawal requires the identifica-
tion of the genes influenced by it in the neurosecretory
cells that regulate the activity of the hypothalamus–
pituitary–adrenocortex axis.
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