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SUMMARY

This study describes a novel action of morphine on adenylate

cyclase activity in the rat locus coeruleus (LC). We have previ-
ously shown that acute in vitro morphine inhibits adenylate

cyclase activity in isolated LC membranes, whereas chronic in
vivo morphine treatment increases enzyme activity in this brain
region. We now report that acute in vivo morphine treatment
produces a 25-30% decrease in adenylate cyclase activity in the
LC, which persists in in vitro assays in the absence of opiates.
This in viva effect is clearly distinct from the acute inhibition of
adenylate cyclase observed dunng exposure of isolated LC
membranes to opiates in vitro. The in vivo effect was not
reversed by the inclusion of naloxone, an opiate receptor antag-
onist, in the assay, and acute in vitro opiate inhibition of the
enzyme was the same in LC membranes isolated from control
and morphine-treated rats. Thus, the in vivo effect does not
appear to be due to residual morphine retained in the membrane

preparation. This persistent decrease in adenylate cyclase was
found to occur in a dose-dependent manner and to be mediated
through the actions of morphine at opiate receptors, inasmuch
as the inhibition was prevented by concomitant in vivo adminis-
tration of naltrexone, a long-acting opiate receptor antagonist.
This effect was also specific to the LC, in that it was not observed
in the other brain regions examined, which included the dorsal
raphe, neostnatum, and frontal cortex. Acute in vivo clonidine,
an a2-adrenergic receptor agonist known to have actions in the
LC similar to those of morphine, produced a similar persistent
decrease in adenylate cyclase activity in this brain region. In
contrast, other drugs with different actions on the LC failed to
produce this effect. This decrease in adenylate cyclase activity
induced by acute in vivo morphine or clonidine, which persists in
isolated membranes after the removal of the drugs, may be an
early step in the sequence of events that leads to the develop-
ment of opiate or clonidine addiction in the LC.

Although the biochemical mechanisms by which opiates me-
diate their acute and chronic effects remain uncertain, one of
the best known actions of opiates is their effect on adenylate
cyclase activity. Acute in vitro inhibition of adenylate cyclase
activity by opiates has been demonstrated in neuroblastoma x
glioma (NG1O8) cells (1) and in a number of regions of the
central nervous system, including rat neostriatum, frontal cor-

tex, dorsal raphe, and LC and mouse spinal cord-dorsal root
ganglion explants (2-8). This in vitro opiate inhibition of
adenylate cyclase activity is thought to be mediated by the

inhibitory G protein, G1, because it can be blocked by pertussis

toxin (4, 6-9). Furthermore, chronic opiate treatment has been
shown to increase adenylate cyclase activity in NG1O8 cells (1),
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in LC (7), and in dorsal root ganglion explants (8). These
findings have provided a basis for a model of the development

of opiate addiction, namely, that increases in adenylate cyclase
activity, and hence in intracellular cAMP levels, represent

biochemical correlates of opiate tolerance and/or dependence

(1, 7, 8, 10).

The LC is a brain region that has served as a useful model
to study the acute and chronic actions of opiates from behav-

ioral, physiological, and biochemical perspectives. It has been
shown that regulation of LC neuronal activity plays an impor-
tant role in mediating certain characteristic behavioral actions

of both acute and chronic opiates in primates (1 1). Physiolog-

ically, acute morphine administration inhibits LC cell firing in
the rat but, as the animal becomes tolerant to morphine, LC

cell firing rates return to normal levels (12-14). LC neurons

also become dependent on opiates, in that administration of an

opiate receptor antagonist increases LC firing rates several fold
above control levels in vivo (12). Furthermore, the onset of

increased LC neuronal activity, and its recovery to normal
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2 K. Seamon, personal communication.

levels, proceed with a time course that parallels the onset and

recovery of behavioral withdrawal symptoms’ (12). Chronic

morphine treatment also produces a number of biochemical

changes specifically in the LC that correlate with these behav-

ioral and physiological changes. Thus, in addition to the in-

crease in adenylate cyclase activity mentioned above (7),

chronic morphine treatment has also been shown to increase
levels of certain G proteins (15), cAMP-dependent protein

kinase activity (16), and a number ofphosphoprotein substrates

of the protein kinase (17) specifically in the LC.

In previous studies characterizing the regulation of adenylate
cyclase activity by morphine in the LC, it was observed that,

in addition to the acute in vitro inhibition and the chronic in

vivo increase in adenylate cyclase activity, acute in vivo mor-

phine treatment decreased adenylate cyclase activity in this

brain region (7). In the present study, we have further charac-

terized this latter phenomenon and have shown that it repre-

sents a novel regulation of adenylate cyclase activity. Acute

morphine treatment appears to induce a persistent decrease in

adenylate cyclase activity, which is not dependent upon the

continuous presence of the opiate.

Materials and Methods

In vivo drug treatments. Male Sprague-Dawley rats (150-200 g)

were used in these studies and housed under a 12-hr light/dark cycle,
with food and water ad libitum. For acute treatment, all drugs were

administered via subcutaneous injection, except chloral hydrate, which
was injected intraperitonealy; control animals were injected with saline.

Animals were used 30 mm after the various injections, at which time

the behavioral effects are maximal (18). In some experiments, pellets

that contained 75 mg of morphine base (from the National Institute

on Drug Abuse) were implanted subcutaneously, and the rats were then

sacrificed from 1 to 24 hr after pellet implantation.

Morphine (0.3 to 100 mg/kg, morphine sulfate; National Institute

on Drug Abuse) and clonidine (0.1 to 1.0 mg/kg, Sigma Chemical Co.,
St. Louis, MO) both produced partial sedation at the maximal doses

administered. These are doses that, although high for an acute dose,

are used standardly to produce morphine and clonidine addiction in
rats (19-21). Diazepam (10 to 30 mg/kg; Hoffmann-La Roche) produced
a similar degree of sedation. Chloral hydrate (400 mg/kg, a dose

routinely used to anesthetize rats; Sigma) produced unconscious ani-

mals. Dextromethorphan (Sigma), which was given at a dose of 100

mg/kg, the maximum morphine dose administered, produced no no-
ticeable sedation or other behavioral effects.

Concomitant treatment of rats with naltrexone (DuPont, Wilming-

ton, DE) and morphine [or yohimbine (Sigma) and clonidine (Sigma)j
was accomplished by administering the antagonist, via subcutaneous

injection, 5 mm before morphine (or clonidine) administration. Antag-
onist doses chosen were those that blocked the behavioral effects of

the agonists.’
Adenylate cyclase assays. Rats were sacrificed by decapitation,

and the brains were removed rapidly and placed in ice-cold buffer (126

mM NaCl, 5 mM KC1, 1.25 mM NaH2PO4, 25 mM NaHCO3, 2 mM

CaC12, 2 mM MgC12, 10 mM D-glucose, pH 7.4). The LC and dorsal

raphe were isolated by obtaining coronal cross-sections of brainstem,

0.7 mm thick, with a tissue slicer and by excising the nuclei from the

sections by taking 15-gauge punches with a syringe needle, as described

previously (16). Initially, protein levels per punch were assayed by the

method of Lowry et a!. (22), and were found to be very consistent;

therefore, subsequent data were normalized per punch rather than per

mg of protein. Frontal cortex and neostriatum (caudate/putamen) were

I E. J. Nestler, K. Rasmussen, J. Krystal, and G. Aghajanian, unpublished

observations.

isolated by gross dissection and the data were normalized per mg of

protein.

The isolated brain regions were sonicated (1 mg of tissue/200 �l)
immediately in 20 mM Tris, pH 7.4, 1 mM dithiothreitol, 1 mM EGTA,

and 200 ,�l of each sample were centrifuged at 10,000 x g for 10 mm at
4’. The pellet was then resuspended in 10 mM Tris, pH 7.4 (350 �zl) for

use in the assay. The adenylate cyclase assays were performed as
described by Jakobs et at. (23), in a final volume of 100 �tl that contained

50 mM triethanolamine HC1, pH 7.4, 50 MM [a-32PJATP (2 X 106 cpm,
New England Nuclear, Boston, MA), 0.1 mM EGTA, 1.0 mM dithio-

threitol, 1.0 mM isobutylmethyixanthine (Sigma), 0.1 mM cAMP, 2 mM

MgCl2, 5 mM creatine phosphate, 0.4 mg/ml creatine phosphokinase,

and 0.2% (w/v) bovine serum albumin. The membranes, assayed as

duplicates that contained 5 �g of protein/tube, were preincubated with

various drugs for 12 mm at 30’ . The reaction was then initiated with

the addition of [a-32P]ATP and terminated after 12 mm by the addition

of 0.8 ml of 0.1% sodium dodecyl sulfate containing 100 �tM cAMP.
The double-column method of Salomon (24) was used to analyze levels

of [ct-32P]cAMP.

In some experiments, adenylate cyclase activity was assayed as
described above but under “enzyme-activating” conditions2 (25, 26),

which substituted 2 mM MnCl2 for 2 mM MgCl2 and included 50 pM

forskolin (Sigma), which was the maximum concentration that could

be attained due to its limited solubility.

Results

The effect of acute in vivo morphine treatment on adenylate

cyclase activity was examined in the LC and several other

regions of rat brain. Such treatment was found to decrease

enzyme activity by 25-30%, compared with control animals, in

the LC. This effect was specific to the LC among the brain

regions studied, which included the dorsal raphe, frontal cortex,

and neostriatum (Fig. 1).

The decrease in the LC was seen in both basal and forskolin-

stimulated adenylate cyclase activity (Table 1). This persistent

decrease in adenylate cyclase activity following acute in vivo

morphine treatment is an effect distinctly different from the

acute in vitro inhibition of the enzyme by opiates described

previously in the LC and in other cell types, for two reasons.

First, the inclusion of 100 �M naloxone, a specific opiate recep-

tor antagonist, in the assay did not reverse the effect (Table 1).

Second, the degree of acute in vitro inhibition by 100 �zM

DADLE of adenylate cyclase activity was similar in LC mem-
branes isolated from control rats versus rats treated acutely

with morphine (Table 2). [This concentration of DADLE was

used because it has been shown to maximally inhibit adenylate

cyclase activity in the LC in a naloxone-reversible manner (7).]

These two observations are in contrast to what one would

expect if the acute in vivo decrease in adenylate cyclase was

merely due to residual morphine retained in the membranes,

namely, that the effect would be naloxone-reversible and that

the ability of in vitro DADLE to inhibit adenylate cyclase
activity would be attenuated. In addition to inhibition by DA-

DLE, adenylate cyclase activity was also inhibited to the same

degree by 100 pM morphine in isolated LC membranes from

control and acutely treated rats. Furthermore, the inclusion of

both morphine and DADLE together in the assay produced an

inhibition equivalent to that seen with either agonist alone,

indicating that they are both acting on the same population of

receptors to maximally inhibit adenylate cyclase activity (data

not shown).
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the co-administration of maximal doses (see below) of clonidine
and morphine were not additive, in that together the drugs
produced an effect equivalent to that seen in response to

morphine alone (Table 3).

Acute morphine treatment was found to decrease adenylate

cyclase activity in a dose-dependent manner. It can be seen in

Fig. 2 that there was a tendency for this decrease to occur at
10 mg/kg morphine, with a maximal decrease in enzyme activ-
ity achieved at a dose of 30 to 100 mg/kg. These are the doses

that are used to induce states of profound morphine addiction
in rats (19). The inhibitory effect of clonidine on adenylate
cyclase activity also occurred in a dose-dependent manner (data

not shown). The clonidine-induced decrease was observed at

0.1 mg/kg and appeared maximal at 0.3 to 1.0 mg/kg, which

are doses used to suppress morphine withdrawal in rats (20)

and to induce clonidine addiction in LC neurons (21).

It was of interest to investigate whether other drugs with

physiological actions distinct from those of morphine and do-
nidine in the LC could alter adenylate cyclase activity after in

vivo administration (Table 3). Diazepam, which inhibits LC

cell firing (28), but via mechanisms different from those of
morphine and clonidine (i.e., through a GABAergic chloride

conductance and not through G proteins and cAMP), did not

produce a decrease in adenylate cyclase activity. Dextrome-

thorphan, which is structurally similar to morphine but without

pharmacological activity at opiate receptors (29), also had no

effect on adenylate cyclase activity. Finally, chloral hydrate,
which produces sedation as does morphine but through a non-
opiate mechanism, did not affect enzyme activity.

The time course of acute morphine regulation of adenylate

cyclase was examined by the implantation of subcutaneous
morphine pellets (75 mg), which produce a steady state condi-

tion of continuous morphine administration over a period of 24

hr or more (30), an effect that cannot be achieved with single
injections. The maximal decrease in adenylate cyclase activity
observed in response to single pellet implantations was similar

3 10 30 100

DOSE MORPHINE (mg/kg)

Fig. 2. Dose dependence of acute in vivo morphine inhibition of adenylate
cyclase activity in rat LC. Morphine was administered subcutaneously at
the doses indicated 30 mm before the animal was sacrificed. LC nuclei
were isolated and adenylate cyclase activity was assayed as described
under Materials and Methods. The data shown represent forskolin (5
pM)-stimulated adenylate cyclase activity, and data are expressed as per
cent change from control ± standard error. The number of animals used
ranged from 4 to 1 1 . *p < 0.025 by x2 test.

in magnitude to that observed with subcutaneous injections.

The decrease in adenylate cyclase activity was found to be rapid

in onset and short in duration. Maximal decrease occurred 2-4

hr after pellet implantation, but by 6 hr enzyme activity had

returned to normal levels (Fig. 3). It is of interest to note that

the time at which adenylate cyclase activity is maximally

decreased corresponds to the time at which LC neuronal firing

is maximally inhibited under these conditions (12).

A change in adenylate cyclase activity could be achieved by
alterations in G proteins, by alterations in the intrinsic catalytic
activity of the enzyme itself, or by both. The addition of high
levels of forskolin and the replacement of magnesium with

manganese are conditions reported to activate adenylate cyclase
near maximally and, thereby, decrease the contributions of G
protein regulation to enzymatic activity2 (25, 26). Therefore, it

was of interest to examine the effects of acute in vivo morphine
and clonidine administration on LC adenylate cyclase activity

under these assay conditions. It was found that enzyme-acti-
vating conditions greatly increased the specific activity of aden-
ylate cyclase [1100 ± 180 versus 180 ± 25 pmol/min/min (mean

± SE, four animals)] and that morphine and clonidine de-

creased adenylate cyclase activity to similar degrees under both
the standard and the high forskolin/manganese conditions.

Adenylate cyclase activity in response to acute morphine was
77 ± 10% (four animals) of control levels under enzyme-

activating conditions, compared with 74 ± 5% (11 animals)

under standard conditions. Similarly, enzyme activity in re-

sponse to clonidine was 85 ± 6% (four animals) and 87 ± 5%

(11 animals) under enzyme-activating and standard conditions,

respectively.

Discussion

This study reports the initial characterization of a novel

action of morphine, a stable decrease in adenylate cyclase
activity that is induced by acute in vivo morphine treatment in

the rat LC. This decrease in adenylate cyclase activity is not
due to residual morphine being retained in the membranes; it
is not antagonized by the inclusion of the opiate receptor

TIME (hr)
Fig. 3. Time course of acute in vivo morphine inhibition of forskolin-
stimulated adenylate cyclase activity in rat LC. Single morphine pellets
(75 mg) were implanted subcutaneously in rats. The animals were
sacrificed at the times indicated, and isolated LC nuclei were assayed
for adenylate cyclase activity. The data shown represent forskolin (5 pM)-

stimulated adenylate cyclase activity, and data are expressed as per
cent change from control ± standard error. The number of animals used
ranged from 3 to 13. p < 0.001 by x2 test.
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3 D. B. Beitner, R. S. Duman, and E. J. Nestler, unpublished observations.

antagonist naloxone in the assay, and the opiate agonist DA-

DLE produced the same degree of in vitro inhibition of aden-

ylate cyclase in LC membranes from control and morphine-

treated animals. Rather, it appears that acute in vivo morphine
treatment imparts some persistent change to the adenylate

cyclase system that is not dependent on the continuous pres-

ence of the opiate. This effect is clearly distinct from other

previously reported actions of morphine on adenylate cyclase

activity in the LC as well as in other tissues. Acute in vitro

opiate exposure inhibits enzyme activity in isolated membranes

of the LC and many other tissues (see Introduction), but this

inhibition is readily and completely reversed by the inclusion

of naloxone in the assay. On the other hand, chronic opiate

treatment has been found to increase adenylate cyclase activity

in the LC, dorsal root ganglion explants, and neuroblastoma

cells (1, 7, 8).
The results of the present study indicate that there are two

distinct mechanisms by which opiates can decrease adenylate

cyclase activity in the LC, acute in vitro inhibition of the

enzyme described previously and the acute in vivo decrease

demonstrated here. The relationship between the two phenom-
ena is unclear. It will be interesting in future studies to deter-

mine whether the persistent decrease in enzyme activity is

triggered, specifically in the LC, by the initial, naloxone-re-

versible inhibition of adenylate cyclase activity, which is seen
in the LC and other brain regions as well.

Interestingly, the effect of acute in vivo morphine on aden-

ylate cyclase activity is short-lived. The opiate-induced de-

crease is maximal 2-4 hr after morphine administration, but

adenylate cyclase activity returns to normal levels within 6-12

hr after pellet implantation, even though morphine is steadily

being absorbed during this time (30) and LC neurons remain
inhibited by the absorbed morphine (12). These results indicate

that the effect is indeed a transient one or, alternatively, that

it is being overcome by compensatory mechanisms, such as
those that lead to increased adenylate cyclase activity with

chronic morphine treatment in the LC (7).

A similar decrease in adenylate cyclase activity was observed

with acute in vivo administration of clonidine, an a2-adrenergic

receptor agonist. Analogous to the decrease observed with acute

in vivo morphine, the decrease produced by acute in vivo

clonidine treatment was not reversed by the inclusion of yohim-

bine, an a2-adrenergic antagonist, in the adenylate cyclase

assay. Acute in vivo morphine and clonidine decreased aden-
ylate cyclase in a receptor-specific manner. The morphine-

induced decrease was reversed by the systemic co-administra-
tion of naltrexone, an opiate receptor antagonist, but not by

yohimbine, whereas the clonidine-induced decrease was re-
versed by yohimbine, but not by naltrexone. Physiologically, it

has been shown that, although they act through different

receptors, a2-adrenergic receptor and opiate receptor agonists

produce similar effects through common post-receptor mecha-

nisms in the LC (27). The effects of morphine and clonidine

are mediated by pertussis toxin-sensitive G proteins (i.e., G0

and G1) (14, 31), and partially mediated through decreases in a

cAMP-dependent inward current, an action presumably

achieved through the inhibition of adenylate cyclase (32). The
fact that co-administration of maximal doses of morphine and

clonidine in the present study did not decrease adenylate cy-

clase activity in an additive manner provides evidence that this

action of the drugs is also achieved through a common post-

receptor mechanism.

There are several possible mechanisms whereby acute in vivo

morphine or clonidine treatment could decrease adenylate cy-
clase activity in the LC. The drug could alter either the enzyme

itself, i.e., the intrinsic activity of its catalytic unit, the func-
tional activity of various G protein subunits, or the interaction
between the catalytic unit and the G proteins. One way to

partially differentiate changes in the catalytic unit of the aden-
ylate cyclase system from G protein-mediated ones is to assay

the enzyme under conditions of “maximal activation.” High
levels of forskolin (50-100 �sM) combined with 2 mM Mn2�

provide near maximal activation of adenylate cyclase and de-

crease the regulatory contributions made by G proteins2 (25,
26). The inhibitory effects of acute in vivo morphine and

clonidine treatment were not attenuated under such assay

conditions. These results suggest that the persistent decrease
of adenylate cyclase activity is due at least in part to changes

in the catalytic activity of the enzyme itself. Such a persistent

decrease in the adenylate cyclase catalytic unit could represent
a covalent modification of the enzyme. For example, phosphor-

ylation of the enzyme has been reported in a number of systems
(33, 34) and represents one possible mechanism through which

such an intrinsic change in the catalytic activity of the enzyme

could be produced.
However, the above observations do not rule out a contribu-

tion of G proteins to this decrease in adenylate cyclase activity.

In fact, our laboratory has shown that pertussis toxin-mediated
ADP-ribosylation of Gia and G0,. is decreased after acute in vivo

morphine treatment (15). More recently, we have found that
acute in vivo morphine treatment does not alter levels of

immunoreactivity of Ga,. or G0,,, as well as G6�, and Gfl, in the
rat LC by immunoblot analysis.3 It is possible that the de-

creased levels of ADP-ribosylation of Gja and G0,,, without a
change in their total amount, reflect a functional change in the
G proteins, which could also contribute to the changes observed
in adenylate cyclase activity.

There is now a large body of evidence that implicates the LC

as an important brain region with respect to opiate tolerance,

dependence, and withdrawal. Electrophysiological studies have

demonstrated the development of tolerance and dependence in

LC neurons after chronic opiate treatment (12, 13), and these

changes in LC neuronal excitability appear to play a role in
mediating the behavioral effects of opiates in animals, including

primates (see Ref. 11). In addition, morphine tolerance and

dependence have been shown to be associated with changes in
the cAMP system, at several levels, specifically in the LC. After

chronic morphine treatment, adenylate cyclase activity (7), the
levels of the G protein subunits G15 and G0,. (15), and cAMP-

dependent protein phosphorylation (16, 17) are all increased in
the LC, but not in the other brain regions studied. The acute
in vivo morphine decrease in adenylate cyclase activity observed
in the present study also appeared to be specific to the LC, in

that it was not observed in the dorsal raphe, neostriatum, or

frontal cortex. The regional specificity of these various actions

of morphine could be due to the heterogeneity of the other

brain regions examined (in contrast to the homogeneity of the

LC) and/or to specific properties of LC neurons (see Ref. 16).

This regional specificity is in striking contrast to the acute in
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vitro inhibition of adenylate cyclase by opiates, which appears

to be widespread; it has been reported in a large number of

different brain regions (2-8).

In addition to opiate addiction, LC neurons have also been

shown electrophysiologically to exhibit tolerance to and de-

pendence on clonidine (21), and we have found that chronic

clonidine treatment increases adenylate cyclase activity and

cAMP-dependent protein kinase activity in the LC (35). Inter-
estingly, the only two drugs in the present study that decreased

adenylate cyclase activity in the LC after acute in vivo admin-

istration are also the two that produce both addiction and an

up-regulated cAMP system in the LC after chronic treatment.

The other drugs tested, which included diazepam, dextrome-

thorphan, and chloral hydrate, did not significantly influence

adenylate cyclase under the conditions used.

Based on the regional and pharmacological specificity of this

phenomenon, it can be hypothesized that this transient de-

crease in adenylate cyclase activity may be one of the initial

molecular steps in the development of opiate (or clonidine)

tolerance and dependence in the LC. Such a persistent change

in adenylate cyclase activity could, possibly via a negative

feedback pathway, serve to trigger the up-regulation of the

cAMP system that is observed in opiate-addicted animals. Such

an up-regulated cAMP system, which would be expected to

increase the excitability of LC neurons (14, 32), could, in turn,

contribute to opiate addiction. Clearly, more work needs to be

done to characterize the mechanism by which acute in vivo

morphine treatment decreases adenylate cyclase activity in the

LC and to further investigate its role in the mechanisms un-
denying opiate addiction.
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