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SUMMARY

In homogenate of rat olfactory bulb, the opioid receptor agonists
f3-endorphin, Leu-enkephalin, and dynorphin A stimulated aden-
ylate cyclase activity in a concentration-dependent manner, with
half-maximal effects displayed at 22, 63, and 176 nM, respec-
tively. The maximal stimulation of the enzyme activity corre-
sponded to about a 40% increase of basal activity for all three
peptides. Naloxone antagonized the stimulation of (3-endorphin,
Leu-enkephalin, and dynorphin A, with pA2 values of 8.0, 7.7,
and 8.1 , respectively. Kinetic analysis performed with Leu-en-
kephalin showed that the opioid peptide increased the Vmax of
the enzyme, without changing the Km for the substrate Mg-ATP.
Moreover, the opioid stimulation was associated with a signifi-

cant increase of the affinity of the enzyme for Mg2� activation

and occurred in membranes incubated in a Ca2�-free medium.
Addition of exogenous GTP at micromolar concentrations was
absolutely necessary for the detection of the opioid effect. Treat-
ment of olfactory bulbs with cholera toxin did not alter the
stimulation of adenylate cyclase by Leu-enkephalin. However,
the opioid stimulation disappeared in membranes obtained from

bulbs injected with pertussis toxin. These results demonstrate
the presence in the brain of a new functional class of opiate
receptors coupled to stimulation of adenylate cyclase via a
transduction mechanism that is Ca2� independent and seems to
involve a pertussis toxin-sensitive GTP-binding protein.

Among the different second messenger systems modulated

by opioids, the inhibition of adenylate cyclase activity is con-

sidered to be a primary signal transduction mechanism in the

action of opioid receptors (1). A number of studies have dem-

onstrated that opioid agonists elicit a decrease of cyclic AMP

formation in both brain and cultured neuronal cells (1) and

that this inhibition involves the interaction of the opioid recep-

tors with a G1 protein that is sensitive to pertussis toxin (2).

Moreover, there is evidence indicating that changes in the

opioid inhibition of adenylate cyclase may correlate with the

development of tolerance to and dependence on opioid agonists

(3), thus reinforcing the role of this biochemical event in opioid

action.
In the present study, however, we show that inhibition of

adenylate cyclase is not the sole response of adenylate cyclase

to opioid agonists but that, in rat brain, activation of this

enzyme system may also occur after stimulation of opioid

receptors. In fact, in homogenates of rat olfactory bulb, natu-

rally occurring opioid peptides increase adenylate cyclase activ-

ity, thus indicating that in this brain structure an increase

rather than a decrease of intracellular cyclic AMP may mediate

the action of opioids.

Materials and Methods

[�-32PjATP (30-40 Ci/mmol) and [2,8-3HJcAMP (25 Ci/mmol) were

purchased from Du Pont de Nemours (Bad Homburg, FRG). Opioid
peptides were obtained from Peninsula Laboratories (Merseyside, UK).
Naloxone was obtained from Salars (Como, Italy). Pertussis toxin

(islet-activating protein) was purchased from List Biological Labora-
tory, Campbel, CA. Staurosporine was generously provided by Kyowa
Hakko Kogyo Co. (Tokyo, Japan). Cholera toxin, PMA, and the other
chemicals used for adenylate cyclase assay were obtained from Sigma

Chemical Co. (St. Louis, MO).
Adenylate cyclase assay. Male Sprague-Dawley rats (200-300 g)

were sacrificed by decapitation, and the olfactory bulbs were homoge-
nized in 10 volumes (v/w) of ice-cold buffer containing 10 mM HEPES

NaOH, 1 mM EGTA, 1 mM MgC12, and 1 mM dithiothreitol (pH 7.4),
using a tight Teflon-glass tissue grinder (12 up-and-down strokes by
hand). The homogenate was diluted 6-fold with homogenization buffer
and centrifuged at 27,000 x g for 20 mm at 4’. The pellet was
resuspended in 10 volumes of homogenization buffer by aspiration of
the tissue through a 19-gauge needle (six passages). The homogenate
was diluted with the same buffer to give a protein concentration of 1.0-

1.4 mg/mI and was used immediately for adenylate cyclase assay. Unless
otherwise specified, the enzyme activity was routinely assayed in a 100-

Ml reaction mixture containing 50 mM HEPES-NaOH (pH 7.4), 2.3 mM

MgCl2, 1.3 mM dithiothreitol, 0.2 mM [a-32P]ATP (45 cpm/pmol), 1
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mM [3HJcAMP (80 cpm/nmol), 0.3 mM EGTA, 1 mM 3-isobutyl-1-

methyixanthine, 5 mM phosphocreatine, 50 units/ml creatine phospho-

kinase, 100 �M GTP, 50 pg ofbovine serum albumin, 10 pg of bacitracin,
and 10 kallikrein inhibitor units of aprotinin. The reaction was started

by addition of the tissue preparation (30-40 �ig of protein) and was

carried out at 30’ for 10 mm. [32P]cyclic AMP was isolated according

to the method of Salomon et al. (4). The enzyme activity was linear

with tissue protein concentration and with time (at least for up to 10

mm), both with and without opioid agonists. Assays were performed in

duplicate.

Intracerebral injections. Pertussis toxin was dissolved in a solu-

tion containing 50 mM sodium phosphate buffer and 250 mM NaCl (pH
7.0). Cholera toxin was dissolved in 25 mM Tris.HCI, 100 mM NaCl,

1.5 mM Na3N, 0.5 mM EDTA (pH 7.5). The animals were anesthetized

with chloral hydrate (400 mg/kg, intraperitoneally) and placed in a
stereotaxic frame. The toxins (3.50 j.tg each) were injected in the right

olfactory bulb at two different positions (1.75 gg in 3.5 �sl over a 10-

mm period), A + 6.7, L - 1.5, V - 4.5, and A + 8.0, L - 1.3, V - 4.0,

according to the atlas of Paxinos and Watson (5), with bregma as zero.

Control animals were injected with an equal volume of vehicle contain-
ing 3.50 �zg of bovine serum albumin. Sixty-eight hours after surgery,

the animals were sacrificed and homogenates were prepared from
vehicle- and toxin-treated olfactory bulbs. Five different tissue prepa-

rations were tested.

Protein content was determined by the method of Bradford (6), using

bovine serum albumin as the standard.
The concentrations of free Ca2�, free � and Mg-ATP were

calculated with a computer program (EQCAL; Biosoft, UK), using the

stability constants for metal-chelate and metal-nucleotide complexes
reported by Bartfai (7).

Statistical analysis. Results are reported as mean ± standard error.

The concentration of each stimulant that produced a half-maximal

effect (EC�) was calculated from log-probit plots of the stimulation of
the enzyme activity, expressed as a percentage of the maximal effect,
at different concentrations of the agent. The potency of naloxone in
antagonizing the opioid-induced stimulation of adenylate cyclase was

determined using Schild analysis (8). For each opioid agonist tested,

the pA2 value of naloxone was determined from the x-intercept of the

Schild plot calculated by least-squares regression analysis. Statistical
significance of the differences between concentration-response curves
was determined by analysis of variance. In the other evaluations,

Student’s t test was used.

Results

As shown in Fig. 1, different opioid receptor agonists, such

as fl-endorphin, Leu-enkephalin, and dynorphin A, stimulated

adenylate cyclase of rat olfactory bulb. For each peptide, the

effect was concentration dependent and clearly saturable. The

EC50 values were as follows: f3-endorphin, 22.0 ± 2.6 nM; Leu-

enkephalin, 63.0 ± 4.0 nM; dynorphin A, 176.0 ± 24.0 nM (four

experiments). The maximal stimulation elicited by �-endor-

phin, Leu-enkephalin, and dynorphin A corresponded to 42.2

± 1.9% (p < 0.001), 40.0 ± 1.3% (p < 0.001), and 42.5 ± 1.6%

(p < 0.001) increases of basal enzyme activity, respectively.
The metabolically stable opioid receptor agonist ED-Ala2, D-

Leut]-enkephalin maximally stimulated the enzyme activity by

39.5 ± 0.9% (p < 0.005; three experiments), with an EC� value
of 76 ± 2.0 nM (result not shown).

The addition of increasing concentrations of the opioid re-

ceptor antagonist naloxone progressively shifted to the right

the concentration-response curves of the agonists (Fig. 1).

Schild plots of naloxone competition experiments (Fig. 1, in-

sets) yielded pA2 values of 8.0 ± 0.07, 7.7 ± 0.08, and 8.1 ± 0.1

for fl-endorphin, Leu-enkephalin, and dynorphin A, respec-

tively. The corresponding inhibitory constant (K) values were

0

ft

a

E

C

E

0

E
ft

a.

U

U

U

Fig. 1. Concentration-dependent stimulation of adenylate cyclase activity
of rat olfactory bulb by �(-endorphin, Leu-enkephalin, and dynorphin A
and antagonism of each response by naloxone. Adenylate cyclase activ-
ity was assayed with the indicated concentrations of the opioid receptor
agonists, in the absence and in the presence of increasing concentrations
of naloxone. The reaction mixture contained 100 �M GTP. In the experi-
ments using �1-endorphin and Leu-enkephalin: 0, vehicle; S, 0.1 MM

naloxone; & 1 MM naloxone; A, 5 pM naloxone. In the experiments using
dynorphin A: 0, vehicle; #{149},0.05 MM naloxone; L�, 0.1 pM naloxone; A,
0.5 MM naloxone. Values are the mean ± standard error of three experi-
ments. Insets, Schild plots of the naloxone antagonism of each opioid
agonist stimulation, where the log of the dose ratio (DR) - 1 is plotted
as a function of naloxone concentration. pA2 values were obtained by
linear regression analysis.
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Fig. 3. Stimulation of adenylate cyclase activity by Leu-enkephalin at
different concentrations of free Ca2�. Tissue homogenate was prepared
in a medium containing 1 m�i EGTA. Enzyme activity was assayed in the
presence of vehicle (0) or 10 MM Leu-enkephalin (#{149}),at the indicated
free Ca2� concentrations. Zero Ca24 was obtained by omitting Ca2� and
adding 1 mM EGTA. The reaction mixture contained 100 MM GTP. Values
are the mean ± standard error of three experiments.
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10.0, 20.0, and 8.0 nM, respectively. The slope values of the

plots were 1.10 for ��-endorphin, 0.95 for Leu-enkephalin, and

0.83 for dynorphin A. Kinetic analysis of the stimulation of

adenylate cyclase activity by Leu-enkephalin as a function of
the concentration of Mg-ATP indicated that the addition of

the peptide increased the apparent Vmax of the enzyme activity

from 211.1 ± 15.3 to 313.8 ± 20.1 pmol ofcyclic AMP/mm/mg

ofprotein (p < 0.01; three experiments) (Fig. 2A). The apparent

Km values for Mg-ATP were similar in the absence and in the
presence of the opioid agonist, being 111.0 ± 9.8 pM and 129.2
± 12.3 pM, respectively. Examination of the dependence of the

enzyme stimulation on Mg2� ion revealed that the opioid effect

was associated with a significant decrease in the apparent

V/Mg2

Fig. 2. A, Eadie-Hofstee plot of the adenylate cyclase activity of rat
olfactory bulb as a function of the concentration of Mg-ATP, in the
absence (0) and in the presence (#{149})of 10 MM Leu-enkephalin. The
enzyme activity was assayed at concentrations of Mg-ATP ranging from
10 to 500 MM. The concentration of free Mg2� was kept constant at 2.0
mM. Values are the mean of three experiments. B, Eadie-Hofstee plot of
the adenylate activity as a function of the concentration of free Mg2�.
Enzyme activity was assayed in the absence (0) and in the presence of
10 /AM Leu-enkephalin (#{149})or 100 MM I-isoproterenol (A). The concentra-
tion of free Mg2� varied from 1 to 50 m�i. The calculated concentration
of Mg-ATP ranged from 189.0 to 199.7 pM. Values are the mean of three
experiments. In A and B, the concentration of GTP in the reaction mixture
was 100 MM. Enzyme velocities are expressed as pmol of cyclic AMP/
mm/mg of protein. V,,,�. and Km values were obtained by linear regression
analysis.

activation constant (Kact) of the enzyme for � from 5.2 ±

0.2 mM to 3.6 ± 0.2 mM (p < 0.01; three experiments), whereas

it did not significantly modify the Vma. of Mg�� stimulation

(Fig. 2B). Maximal enzyme velocities (expressed as pmol of

cyclic AMP/mm/mg of protein, mean ± standard error) were

342 ± 10 for control and 360 ± 15 for Leu-enkephalin (three

experiments). Under the same experimental conditions, the (3-
adrenergic agonist 1-isoproterenol, which stimulated the en-
zyme activity by the same extent as Leu-enkephalin, shifted

the kaet value for Mg2� to 3.8 ± 0.1 mM, without significantly

affecting the Vmax value of the enzyme reaction (Fig. 2B).
The stimulation of adenylate cyclase activity by Leu-enkeph-

alin appeared to be independent of the concentration of free

Ca2�. In fact, the opioid effect was optimal in membranes
prepared in the presence of 1 mM EGTA and incubated in

an essentially Ca2�-free medium, and it remained constant
at concentrations of free Ca2� ranging from 1 nM to 0.8 gM

(Fig. 3).

The addition of the protein kinase inhibitor staurosporine

(0.1 /JM) (9) failed to affect the stimulation of adenylate cyclase

by Leu-enkephalin (Table 1). In contrast, staurosporine com-

pletely antagonized the stimulatory effect elicited by PMA, a

protein kinase C activator (10). The combined addition of Leu-

enkephalin and PMA produced an increase of enzyme activity
that was equal to the sum of the effects elicited by each agent

alone (Table 1).

The addition of exogenous GTP was required for detection
ofthe opioid stimulation of adenylate cyclase activity. As shown
in Fig. 4, GTP maximally increased basal enzyme activity by
about 350% with an ECS() value of 1.1 ± 0.2 .tM. In the absence

of added nucleotide, Leu-enkephalin failed to affect the enzyme

activity, whereas a significant stimulation occurred at concen-

trations of GTP higher than 1 MM, with a maximum at 100 �zM.

The concentration of the nucleotide allowing half-maximal

stimulation by Leu-enkephalin was 2.7 ± 0.3 MM. The stimu-
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lation of adenylate cyclase activity by 1-isoproterenol was also

GTP dependent, with the half-maximal effect occurring at 0.25

± 0.05 MM GTP (Fig. 4, inset).

In vivo treatment of olfactory bulbs with cholera toxin in-

creased basal adenylate cyclase activity by 151.5 ± 20.0% in

the absence of added GTP (p < 0.001; five experiments) and

by 55.8 ± 3.1% at 100 pM GTP (p < 0.001; five experiments).

As shown in Fig. 5A, this toxin did not significantly change the

enzyme stimulation elicited by either Leu-enkephalin or 1-

isoproterenol. In contrast, treatment of olfactory bulbs with

pertussis toxin completely prevented the stimulation of aden-
ylate cyclase activity by Leu-enkephalin (Fig. 5B). As compared

with the response observed in vehicle-treated tissue, the maxi-

mal stimulation of the enzyme activity by 1-isoproterenol was

Discussion

The present study shows that, in homogenates of rat olfactory

bulb, stimulation of opioid receptors causes an increase of
adenylate cyclase activity. As opioid receptor agonists, we have

used the naturally occurring peptides (3-endorphin, Leu-en-

kephalin, and dynorphin A, which display different affinities
for the opioid receptor subtypes. In fact, (3-endorphin is a potent

agonist for both 5 and p receptors, with a slight preference for

Opioid Stimulation of Adenylate Cyclase 439

TABLE 1

Effect of the combined addition of Leu-enkephalin, staurosporine,
and PMA on adenylate cyclase activity of rat olfactory bulb
Tissue homogenate was prepared as described in Materials and Methods, and the
enzyme activity was assayed in the presence of 100 MM GTP, with the indicated
agents alone and in combination. Values are the mean ± standard error of three
experiments.

Adenylate cyclase activity

pmo! of cAMP/mining of protein

Basal 119.1 ±4.0
Leu-enkephalin (10 MM) 168.4 ± 7.08

Staurosporine (0.1 MM) 128.1 ± 6.1
Staurosponne + Leu-enkephalin 176.5 ± 94l�
PMA(5MM) 151.6±5.0’
Staurosporine + PMA 129.8 ± 3.6’�
Leu-enkephalin + PMA 203.5 ± 1 0.1

Fig. 4. GTP dependence of stimulations of adenylate cyclase activity by
either Leu-enkephalin or l-isoproterenol in rat olfactory bulb. Adenylate
cyclase activity was assayed at the indicated concentration of added
GTP, in the absence (0) and in the presence of either 10 pM Leu-
enkephalin (#{149})or 1 00 MM l-isoproterenol (Lt). Values are the mean ±

standard error of four experiments. Inset, the percentage of maximal
enzyme stimulation elicited by Leu-enkephalin (#{149})or /-isoproterenol (�)
is plotted as a function of the concentration of added GTP.

Fig. 5. Effect of treatment of rat olfactory bulb with cholera toxin (A) and
pertussis toxin (B) on the stimulation of adenylate cyclase by either Leu-
enkephalin or l-isoproterenol. Toxins or vehicles were injected in vivo
into the olfactory bulbs, and tissue homogenates were prepared as
described in Materials and Methods. Adenylate cyclase activity was
assayed in vehicle- (open symbols) and toxin- (closed symbols) treated
tissues, in the presence of the indicated concentrations of Leu-enkephalin
(circles) or l-isoproterenol (triangles). The concentration of GTP added
to the reaction mixture was 100 MM. Values represent the net increase
of enzyme activity elicited by each agonist above basal activity and are
the mean ± standard error of four (A) or five (B) experiments. Basal
enzyme activities (expressed as pmol of cyclic AMP/mm/mg of protein,
mean ± standard error) were: in A, vehicle, 125.4 ± 1 1 .9; cholera toxin,
195.8 ± 17.2 (p < 0.05; four experiments); in B, vehicle, 115.4 ± 8.5;
pertussis toxin, 112.9 ± 7.4. Statistical analysis by two-way analysis of
variance of the difference between l-isoproterenol concentration-
response curves in vehicle- and pertussis toxin-treated tissue yields
p<0.05.

potentiated by 52.0 ± 7.1% in membranes obtained from per-

tussis toxin-treated olfactory bulbs.
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i5, Leu-enkephalin is preferentially a t5 agonist, and dynorphin

A is considered a rather selective ,� agonist (11). All three

peptides elicit a stimulatory response of adenylate cyclase,

which is concentration dependent and saturable and, in agree-

ment with other studies on opioid receptor binding and function
(12, 13), requires nanomolar concentrations of the agonists. (3-

Endorphin, Leu-enkephalin, and dynorphin A appear equally

effective in stimulating adenylate cyclase activity but show

different affinities, with a rank order of potency of f3-endorphin

> Leu-enkephalin > dynorphin A. The metabolically stable

opioid receptor agonist [D-A1a2, D- Leu5] -enkephalin increases
the enzyme activity with a potency and an efficacy similar to

those of Leu-enkephalin, thus limiting the possibility that

products of opioid peptide degradation may be responsible for

the enzyme activation.

As demonstrated by Schild plot analysis, naloxone counter-

acts the opioid stimulation with slope values close to unity for

all three peptides, indicating an antagonism of the competitive

type. The calculated K, values of naloxone range from 8.0 to 20

nM. These values are about 10-20 times higher than the re-

ported affinity of naloxone for i sites but are quite close to

those for t5 and � receptors (14). Moreover, the finding that

naloxone antagonizes the effects of the three peptides with

similar potency fits well with the idea that the stimulation of

adenylate cyclase activity is mediated by the activation of a
single class of opioid receptors. Thus, the agonist rank order of

potency and the sensitivity to naloxone would suggest that the
opioid receptors mediating stimulation of adenylate cyclase
belong to the t5 subtype. This conclusion agrees with the auto-

radiographic distribution of 5 and �t receptors in rat brain,

demonstrating that 5 receptors are highly concentrated in the

external plexiform layers and glomerular layers of the rat

olfactory bulb, whereas M receptors show low density in this

brain region (15). However, further studies employing various

agonists and antagonists that are selective for the different

opioid receptor subtypes are required to better define the phar-
macological nature of this opioid response.

As shown for other receptor systems coupled to stimulation

of adenylate cyclase (16, 17), the increase of enzyme activity
elicited by opioid receptors is due to an increase of the apparent

Vmax of the enzyme, with no significant change in the Km for

the substrate Mg-ATP. Moreover, the adenylate cyclase stim-
ulation elicited by Leu-enkephalin is associated with a signifi-

cant increase in the apparent affinity of the enzyme for MW�.
This effect is analogous to that of other stimulatory hormones,

which are known to decrease the Mg2� requirement for the

activation of G. of adenylate cyclase (18). Indeed, a similar
change in the Mg2� requirement is elicited by the (3-adrenergic

agonist 1-isoproterenol, which also stimulates adenylate cyclase

activity of rat olfactory bulb.

Another property of the opioid stimulation that is shared
with other receptor-mediated effects on adenylate cyclase is the

GTP dependence. In fact, there is no effect in the absence of

added GTP, whereas half-maximal opioid stimulation occurs
at 2.7 MM GTP. This value is much higher than the GTP

concentration generally required for stimulation of adenylate

cyclase by other hormone receptor systems (19). This difference

is not due to a unique responsiveness of adenylate cyclase to

GTP in rat olfactory bulb, because 1-isoproterenol requires 10-
fold less GTP than Leu-enkephalin for stimulating the enzyme

activity. A possible explanation of the discrepancy in the GTP

requirement is that the opioid stimulation of adenylate cyclase

results from receptor interaction with a G protein different

from G�, which is known to mediate the (3-adrenergic stimula-

tion of the enzyme (20).

This possibility is supported by the results obtained by

treatment of the olfactory bulbs with cholera and pertussis

toxins. Cholera toxin ADP-ribosylates the a subunit of G5,

which mediates hormonal activation of adenylate cyclase and

activation of Ca2� channels, and causes a stable activation of
this protein (21). Cholera toxin can also ADP-ribosylate and

activate G,,1, a G protein that is structurally homologous to G.

and that is considered to mediate the stimulation of adenylate
cyclase by odorants in olfactory neurons (22). G01f can interact

with (3-adrenergic receptors when expressed in S49 cyc Kin

cells that are transfected with cDNA encoding the a subunit of

G,,1 (22). G. is not a substrate for pertussis toxin, which instead

ADP-ribosylates a variety of other G proteins, such as those

mediating hormonal inhibition of adenylate cyclase (termed

G), activation of K� channels (termed Gk), and stimulation of

some phospholipase A2 and C activities (termed G�) (21). Per-

tussis toxin also ADP-ribosylates transducin and other G pro-

teins whose function is not yet fully understood, such as G0

(21). As a result of exposure to pertussis toxin, the receptor

regulation of the effector system is impaired, likely because of

receptor-G protein uncoupling (21). The injection of cholera
toxin into the olfactory bulb increases basal adenylate cyclase

activity but fails to modify the stimulation of the enzyme

activity by either Leu-enkephalin or 1-isoproterenol. In con-

trast, treatment with pertussis toxin completely prevents the

increase of enzyme activity elicited by Leu-enkephalin and

potentiates the (3-adrenergic stimulation. These results indicate

that the opioid stimulation of adenylate cyclase is mediated by

a G protein that is a pertussis but not cholera toxin substrate,
and they provide further evidence that the G protein involved
is different from G�. The finding that pertussis toxin potentiates

the 1-isoproterenol response is in agreement with previous

observations that the toxin enhances the stimulation of brain

adenylate cyclase by other G,-coupled receptors, such as dopa-
mine Dl receptors, and may be explained by postulating that

the toxin impairs G1 inhibition of G5 (23). At the present time,
however, we do not know which of the G proteins that are
reported to be sensitive to pertussis toxin may be involved in
the opioid effect. Very recently, it has been reported that the a

subunits of two molecular species of G,, G1.1 and G�.2A, cause

stimulation rather than inhibition of adenylate cyclase in a

reconstituted system (24). Studies are in progress to ascertain

whether these G proteins may be involved in the opioid stim-

ulation of adenylate cyclase. It is also possible that opioid

receptors cause adenylate cyclase stimulation indirectly,
through a G protein-mediated coupling to another biochemical

pathway. For instance, there is abundant evidence that, in

intact cells, various neurotransmitters may increase cyclic

AMP formation by stimulating other second messenger sys-

tems, such as those linked to phospholipases A2 and C (25). As

mentioned above, receptor-induced phospholipid breakdown

may be mediated by G proteins that are sensitive to pertussis

toxin. However, this second messenger-mediated stimulation

of adenylate cyclase generally requires cell integrity, because

no significant increase of the enzyme activity is observed in

cell lysates, whereas opioid stimulation of adenylate cyclase is

observed in tissue homogenate. Moreover, in a number of cases,
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second messenger stimulation of adenylate cyclase by neuro-

transmitter requires Ca2� (25), whereas the opioid stimulation

of the enzyme is Ca2� independent. The lack of Ca2� require-

ment also lessens the possibility that opioid receptors stimulate

adenylate cyclase activity by enhancing the binding of calmod-

ulin to the enzyme.
The protein kinase inhibitor staurosporine fails to affect the

stimulation of adenylate cyclase by Leu-enkephalin, whereas it

completely antagonizes the increase of enzyme activity elicited
by PMA. Furthermore, the stimulatory effects of Leu-enkeph-
alin and PMA are additive. These results would suggest that

activation of protein kinase C is unlikely to be involved in the

opioid effect.

Recently, we have reported that, in rat olfactory bulb, acti-

vation of muscarinic receptors also stimulates adenylate cyclase

activity (26). Like the opioid stimulation, the muscarinic effect

requires relatively high concentrations of GTP, is Ca2� inde-

pendent, and is apparently not mediated by an increased phos-

pholipid hydrolysis (27). These similarities suggest that the

stimulatory response elicited by opioids in rat olfactory bulb

may not be due to a peculiar property of the receptor molecules

but rather to the ability of opioid receptors to activate a

particular transduction mechanism, which can be utilized also

by other receptor systems.

Previous studies have reported a stimulatory effect of mor-

phine on adenylate cyclase activity of striatal homogenates (28,

29). This enzyme stimulation was observed with high concen-

trations (ranging from 1 MM to 100 �M in Ref. 29 and from 500

�M to 5 mM in Ref. 28) of morphine and has been interpreted

as being due to the nonspecific ionic effect of the drug on
adenylate cyclase activity, similar to that of monovalent cations

(30). In homogenate of mouse spinal cord-ganglion explants,

the opioid receptor agonist levorphanol (2 MM) was found to

stimulate basal adenylate cyclase activity (31). However, in

that study, naloxone (2 �zM) elicited an even greater stimulation,

thus making the interpretation of the results difficult. Con-

versely, the present study describes a stimulatory effect of

opioids, which displays pharmacological and biochemical prop-
erties consistent with a receptor-mediated event and, therefore,

can be considered as the first demonstration of the occurrence

of a positive coupling of opioid receptors to adenylate cyclase.

In the olfactory bulb, the presence of opioid peptides has

been demonstrated in perikarya and fibers/terminals (11). En-

kephalin is also known to participate in the modulation of

synaptic transmission in the olfactory bulb, by suppressing the

dendrodendritic inhibition of mitral cells (32). It will be impor-

tant to investigate the role of stimulation of adenylate cyclase

in the cellular events regulated by opiate receptors in the

olfactory bulb and to determine whether an increase in cyclic

AMP formation mediates the opioid action in other brain areas.
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