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SUMMARY
Adenylate cyclase activity was stimulated 2.5-fold by exogenous

Ca2�/calmodulin (CaM) (1 jsM) in rat cerebellar plasma mem-
branes which had been depleted of endogenous Ca2�/CaM. In
EGTA-washed membranes, phenylisopropyladenosine (an aden-
osine receptor agonist) was unable to inhibit adenylate cyclase
activity unless exogenous Ca2/CaM was included in the assay.
Conversely, isoproterenol (a fl-adrenergic receptor agonist) was
able to stimulate adenylate cyclase activity only in the absence
of Ca2�/CaM. The regulation of adenylate cyclase activity by
guanyl-5’-yl-imidodiphosphate [Gpp(NH)p, a nonhydrolyzable

guanine nucleotide analog, used to monitor interactions between
guanine nucleotide-binding proteins and the catalytic unit of
adenylate cyclase] was similar to that of phenylisopropyladeno-
sine and isoproterenol; i.e., Gpp(NH)p produced inhibition exclu-
sively in the presence of Ca2�/CaM, whereas only stimulation
was observed in the absence of Ca2�/CaM. These results sug-
gest that changes in intracellular Ca24 concentrations may de-
termine whether adenylate cyclase can be stimulated or inhibited

by neurotransmitters.

Neurotransmitters may either stimulate or inhibit adenylate

cyclase activity through distinct receptor subclasses (e.g., the fi

and a2 receptors for norepinephrine) (1, 2). Receptor-mediated

regulation of adenylate cyclase activity is mediated by GTP-

binding proteins (N proteins). Distinct N proteins, N1 and N,,

couple inhibitory and stimulatory receptor occupation, respec-

tively, to alterations in adenylate cyclase activity (3). However,

adenylate cyclase activity may also be regulated by mechanisms

not directly related to receptor occupation. CaM, in the pres-

ence of low �sM concentrations of free Ca2�, increases the

adenylate cyclase activity of all brain regions (4, 5) as well as

that from several peripheral tissues, such as pancreatic islets

(6), adrenal medulla (7), smooth muscle (8), enterocytes (9),

myocardium (10), thyroid (11), and platelets (12). Ca2�/CaM

appears to stimulate the catalytic unit of adenylate cyclase

directly (4, 5, 13, 14). It has been proposed that a distinct,

CaM-sensitive isozyme of adenylate cyclase is present in those

tissues in which CaM-dependent stimulation of adenylate cy-

clase has been observed (4, 13, 15, 16). Some widely used

therapeutic agents, including ymca alkaloids (17), local anes-

This work was supported by Grant NS09199 from the National Institutes of
Health.

thetics (18), benzodiazepines, tricyclic antidepressants, and,

most notably, phenothiazine antipsychotics (19), antagonize

CaM-stimulated processes. However, the significance of these

effects on the regulation of adenylate cyclase by CaM has been

difficult to assess, due to the relative low potency and mem-

brane-perturbing effects of these compounds (20). In addition,

the high endogenous concentrations of CaM in many brain

regions (21) renders detection of the effects of CaM on a

particular process difficult to discern.

Depletion of endogenous Ca2� and CaM by washing tissue

with cation chelating agents such as EGTA, followed by read-

dition of exogenous Ca2� and CaM, or titration of Ca2� concen-

trations against buffers containing EGTA, has allowed some

evaluation of the role of CaM in neurotransmitter-regulated

adenylate cyclase. Gnegy and co-workers (22, 23) have dem-

onstrated that full expression of the stimulatory effects of

dopamine on rat striatal adenylate cyclase requires the presence

of CaM. Girardot et al. (24) and Perez-Reyes and Cooper (25,

25a) have shown that guanine nucleotide-mediated inhibition

of rat hippocampal and cortical adenylate cyclase activity is

dependent upon the presence of Ca2�/CaM, while Yeager et al.
(26) have demonstrated that adenosine, P-site-mediated inhi-

bition of adenylate cyclase activity in bovine cerebral cortex is
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dependent upon the presence of CaM. In the cerebellum, Mal-
noe et al. (27) have suggested that a synergistic interaction
exists between ISO- and CaM-mediated stimulation of enzyme

activity, while the inhibition produced by Gpp(NH)p appears

to be dependent upon the presence of CaM (28).

Previous work from this laboratory (24, 25) and others (28)

has demonstrated that Gpp(NH)p-mediated inhibition is

strictly dependent upon Ca2�/CaM in rat hippocampus and

cortex, and bovine cerebellum, respectively. However, recently

it has become clear that guanine nucleotide-binding proteins

probably regulate not only adenylate cyclase (i.e., via N1 and

N,) but also phospholipase C (29, 30) and ion channels (31).

Thus, nonhydrolyzable guanine nucleotide analogs, such as

Gpp(NH)p, may access several different types of regulatory

proteins within a plasma membrane preparation and their

effects may not necessarily mimic those of the specific, GTP-
utilizing regulatory proteins associated with stimulatory and

inhibitory receptors that regulate adenylate cyclase. Therefore,

the present study utilized PIA, an adenosine, A-i receptor
agonist, and ISO, a $-adrenergic agonist, to determine whether

CaM could regulate receptor-mediated inhibition and stimula-
tion, respectively, of adenylate cyclase in rat cerebellar plasma

membranes.

Materials and Methods

Preparation of rat cerebellar membranes. The protocol for
preparation of rat cerebellar plasma membranes was similar to that
previously described for striatal plasma membranes (32). Freshly cbs-
sected cerebella from unanesthetized male Sprague-Dawley rats (170-
250 g, sacrificedby decapitation) were placed in a buffer containing 50

mM Tris (pH 7.4), 1 mM dithiothreitol, 0.1 mM EDTA, 1 mg/ml

leupeptin, 1 mg/ml pepstatin, 6000 units/ml aprotinin, and 1 mg/ml

trypsin inhibitor, to which 10% sucrose (w/w) was added. The tissue

was homogenized by hand and the suspension centrifuged at 121 X g

for 10 mm; the pellet was discarded. Subsequently, the supernatant
was centrifuged at 12,000 X g for 10 mm. The supernatant was cbs-

carded, and the pellet was resuspended in preparation buffer (without

sucrose), plus 0.5 M NaC1. This suspension was placed on ice for 10

mm before centrifugation at 12,000 x g for 10 mm. The pellet was

resuspended in preparation buffer without sucrose and centrifuged at

12,000 x g for 10 mm. This pellet was resuspended in a small volume

of preparation buffer containing sucrose (10%). Aliquots (2-2.5 ml)

were layered on continuous 30-38% sucrose gradients. The gradients
were centrifuged at 82,500 x g for 1 hr 4�. The main turbid band (at
-35% sucrose) in each tube was collected and these fractions were

pooled. This suspension was diluted approximately 4-fold with prepa-
ration buffer without sucrose and centrifuged at 12,000 x g for 10 mm.

The pellet was resuspended in the same buffer at 0.5-1 mg of protein

per ml. Aliquots were frozen and stored in liquid nitrogen.
Adenylate cyclase assay. In order to remove endogenous Ca2� and

calmodulin, extensive washes of the membranes were employed prior
to the adenylate cyclase assay. Frozen membranes were thawed and

diluted 3-fold with buffer consisting of 50 mM Tris (pH 7.4), 1 mM

EGTA, and 1 mg/ml BSA. This suspension was centrifuged at 12,000
x g for 10 mm. The supernatant was discarded, and the pellet was
resuspended in 3 ml of the above buffer. This process was repeated
twice (for a total of three washes). Following the third centrifugation,

the pellet was suspended in 40 mM Tris (pH 7.4), 0.8 mM EGTA, and

0.8 mg/mI BSA to give a final EGTA concentration of 200 �tM in the

adenylate cyclase assay.

Adenylate cyclase activity was measured by the method of Salomon

et al. (33). The assay mixture contained: a-[32P]ATP (1 MCi), 0.1 mM

cyclic AMP, 80 mM Tris (pH 7.4), 0.2 mM ATP, 20 mM NaC1, 10 �zM

GTP, 1 unit/ml adenosine deammnase, 4 mM creatine phosphate, 25

units/ml creatine phosphokinase, and 0.2 mg/ml BSA. The final assay

volume was 100 �l. In most cases, 10 �g of membrane protein, as

determined by the method of Lowry et al. (34), were assayed. Reactions

were conducted for 10 mm at 24’ and were stopped by the addition of

0.1 ml of 2% sodium lauryl sulfate containing 1.3 mM cyclic AMP and

49 mM ATP. Recovery was monitored with 15,000 cpm of 3H-cyclic

AMP.
Determination of free divalent cation concentration. Free

concentrations of Ca2’ were calculated as previously described (24, 32).

This involved an iterative computing procedure for the solution of the

equations describing the complexes formed in a mixture comprising all

of the ingredients involved in the assay of adenylate cyclase that can

affect free divalent cation concentration, i.e., ATP, GTP, EGTA, H�,

� Ca2�, and Na�. The log of the association constants used were:

W to EGTA4, 9.46; H� to HEGTA3, 18.31; H� to H2EGTA2, 20.99;
H� to H3EGTA, 22.99; Ca2� to EGTA4, 10.97; Ca2F to HEGTA3,

14.78; Mg�� to EGTA4, 5.28; Mg�� to HEGTA3, 12.90; W to ATP4,

6.51; H� to HATP3, 10.57; Ca2� to ATP�, 3.77; Ca2� to HATP3, 8.46;

Mg�� to ATP4, 4.06; Mg�� to HATP�, 8.61; Na� to ATP4, 1.10 (35).

Statistics. The data are presented at the mean ± standard error of
at least six determinations from two membrane preparations. Data

were analyzed by two-way ANOVA using the presence or concentration

of Ca2�/CaM or drug as within group variables. When significant

interactions were found, Duncan’s or Dunnett’s multiple comparison

test (36) was employed where appropriate.

Materials. CaM (from bovine brain, activity reported to be greater

than 40,000 units/mg of protein), GTP, BSA (Cohn fraction V), aden-

osine deaminase (1458 units/ml, from calf intestinal mucosa, in glyc-

erol), leupeptin, trypsin inhibitor, and ISO were from Sigma. Aprotinin
was from Calbiochem, and pepstatin, Gpp(NH)p and PIA were from
Boehringer-Mannheim. All other drugs and reagents were obtained
from standard sources.

Results

The adenylate cyclase activity of cerebellar plasma mem-

branes, washed with a buffer containing EGTA (as described

in Materials and Methods), was insensitive to concentrations

of CaM up to 10 �M in the absence of added Ca2� (Fig. ia).

Similarly, in the absence of added CaM, increasing free Ca2�

concentrations evoked no change in activity until a concentra-

tion of2O zM, whereafter inhibition ofadenylate cyclase activity

was observed (Fig. ib). However, in the presence of 2 �tM free

Ca2�, CaM stimulated adenylate cyclase activity in a concen-

tration-dependent manner by up to 250% of basal activity (Fig.

ia). Similarly, in the presence of 1 �sM CaM, concentrations of

free Ca2� from 0.4 to 10 �zM stimulated adenylate cyclase activity

by 2.5-fold (Fig. ib). Thus, washing membranes with EGTA

appears to remove endogenous Ca2� and CaM and permits

control of Ca2� and CaM concentrations in subsequent experi-

ments.

To determine whether the presence of Ca2�/CaM influences

neurotransmitter-mediated inhibition of adenylate cyclase ac-

tivity, PIA dose response experiments were performed in the

absence or presence of Ca2�/CaM in EGTA-washed membranes

(Fig. 2). In the absence of Ca2�/CaM, no inhibition of adenylate
cyclase activity was observed. In the presence of Ca2�/CaM,

PIA significantly inhibited adenylate cyclase activity at con-

centrations from 0.01 to 10 �tM (maximum inhibition was 20%

of basal activity). Thus, the inhibitory effects of PIA could only

be observed in the presence of Ca2�/CaM-mediated stimulation.
To confirm this observation, a Ca2� dose response experiment

(in the presence of 1 �zM CaM) was performed in the presence

or absence of 1 �M PIA (Fig. 3). At concentrations of free Ca2�

below 0.4 zM, PIA was unable to inhibit adenylate cyclase
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Fig. 1. a. CaM dose response curves in EGTA-washed membranes (see
Materials and Methods) in the absence (0) or presence(O) of a calculated
free Ca2� concentration of 2 �M. b. Ca2� dose response curves in EGTA-
washed membranes in the absence (0) or presence (0) of 1 �M CaM.
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Fig. 2. PIA dose response curves in EGTA-washed membranes in the
absence (0) or presence (0) of Ca2�/CaM (1 .3 and 1 �M, respectively).

*, significant difference from the absence of PIA (ANOVA followed by
Dunnett’s multiple comparison test, p < 0.05).

activity. At free Ca2� concentrations from 0.4 to iOO �zM, PIA

significantly inhibited adenylate cyclase activity. The stimula-
tion of adenylate cyclase activity by these concentrations of

Ca2� coincided with the appearance of PIA-mediated inhibition.

Since the inhibition produced by PIA was observed only

when adenylate cyclase activity was stimulated by CaM, the

possibility existed that any agent capable of stimulating enzyme
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Fig. 3. Ca2� dose response curves (in the presence of 1 �M CaM) in
EGTA-washed membranes in the absence (0) or presence (0) of 1 �zM

PIA. *, a significant difference from the absence of PIA (ANOVA followed
by Duncan’s test, p < 0.05).
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Fig. 4. PIA dose response curves in EGTA-washed membranes in the
absence of Ca2�/CaM and in the presence of 1 m� Mn2� (0) or 3 �M (0)
forskolin. *, significant difference from the absence of PIA (ANOVA
followed by Dunnett’s multiple comparison test, p < 0.05).

activity would permit observation of PIA-mediated inhibition.

To test this possibility, PIA dose response experiments were

performed on EGTA-washed membranes in the absence of

Ca2�/CaM and in the presence of either 3 �M forskolin or 1

mM manganese (Mn21 (Fig. 4). PIA produced inhibition of

either forskolin- or Mn2�-stimulated adenylate cyclase activity

to an extent similar to that of the inhibition observed in the

presence of Ca27CaM (cf. Figs. 4 and 2). Thus, stimulation of

adenylate cyclase activity by either Ca2�/CaM, Mn2�, or for-

skolin permits neurotransmitter-mediated inhibition of enzyme

activity to be observed.

To determine whether CaM also regulates neurotransmitter-

mediated stimulation of adenylate cyclase activity, ISO dose

response experiments were performed in the presence or ab-

sence of Ca2�/CaM (Fig. 5). ISO evoked a modest but significant

(ANOVA followed by Dunnett’s multiple comparison test, p <

0.05) stimulation of adenylate cyclase activity (maximum stim-

ulation was 20% of basal activity) in the absence of Ca2/CaM,

but was unable to increase enzyme activity in the presence of
Ca2�/CaM (ANOVA, p > 0.15). These data suggest that neu-

rotransmitter-mediated stimulation of adenylate cyclase may

only occur in the absence of Ca2�/CaM. To determine whether
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5, significant difference from the absence of Gpp(NH)p (ANOVA followed
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Fig. 6. ISO dose response curves in EGTA-washed membranes in the
absence of Ca2�/CaM and in the presence of 1 m� Mn2� (0) or 3 �M

forskolin (0). No concentrations of ISO produced significant stimulation
under these conditions (ANOVA, p > 0.15).

activation of adenylate cyclase activity by agents other than
Ca2�/CaM also prevents ISO-mediated stimulation, ISO dose

response experiments were performed in the absence of Ca2�/

CaM and in the presence of either 3 �zM forskolin or 1 mM

Mn2� (Fig. 6). Again, ISO was unable to stimulate adenylate
cyclase activity, the presence of either of these activators. Thus,

activation ofadenylate cyclase by Ca2�/CaM, Mn2�, or forskolin

precludes further neurotransmitter-mediated stimulation of en-

zyme activity.

Nonhydrolyzable guanine nucleotide analogs [e.g.,

Gpp(NH)pJ are often used as monitors of the interaction be-

tween N proteins and the catalytic unit of adenylate cyclase.

Therefore, it was of interest to determine whether the stimu-

latory and inhibitory actions of Gpp(NH)p on adenylate cyclase

activity were regulated by CaM in a fashion similar to that of

ISO and PIA. Gpp(NH)p dose response experiments were per-

formed on EGTA-washed membranes in the presence and

absence of Ca2�/CaM (Fig. 7). In the absence of Ca2�/CaM,

Gpp(NH)p stimulated adenylate cyclase activity at concentra-

tions above 0.1 �sM. Inhibition of activity was not observed at

any concentration tested. Conversely, in the presence of Ca2�/

CaM, inhibition was observed between 0.Oi and 1 �M

Fig. 8. Ca2� dose response curves in EGTA-washed membranes in the
absence (0) or presence (0) of 0.3 �M Gpp(NH)p. At all Ca2� concentra-
tions and in the absence of Ca2�, values in the presence of Gpp(NH)p
are significantly differentfrom those in the absence of Gpp(NH)p(ANOVA
followed by Duncan’s test, p < 0.05).

Gpp(NH)p, with a return to basal activity at iO �sM. Stimulation

was not observed at any concentration tested. Thus, the regu-

lation of Gpp(NH)p-mediated inhibition and stimulation of

adenylate cyclase activity by CaM appeared to be identical to

CaM regulation of neurotransmitter-mediated stimulation and

inhibition. To confirm this observation, a detailed Ca2� dose

response experiment was performed in the presence or absence

of 0.3 �sM Gpp(NH)p (Fig. 8). At Ca2� concentrations below 0.4

�M, Gpp(NH)p significantly stimulated adenylate cyclase ac-

tivity, whereas at concentrations above 0.4 �sM Ca2�, Gpp(NH)p

significantly inhibited activity. Thus, in the absence of Ca2�/

CaM-mediated stimulation, Gpp(NH)p only stimulated activ-

ity, whereas in the presence of Ca2�/CaM-mediated stimula-

tion, the same concentration of Gpp(NH)p was only able to

inhibit adenylate cyclase activity.

Discussion

Elucidation of the regulatory significance of the stimulation

of adenylate cyclase by Ca2�/CaM has been impeded by the

lack of anti-CaM agents which are effective in whole cells or
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plasma membrane preparations. Repeated washing of mem-

branes with a buffer containing EGTA effectively eliminates

any contribution to basal adenylate cyclase activity made by
endogenous Ca2� and CaM. Addition of exogenous Ca2� and

CaM to these membranes, as adapted in the present study,

allows the control of Ca2�/CaM concentrations and the degree

of stimulation of adenylate cyclase activity that is produced by

Ca2’/CaM. This protocol effectively “reconstitutes” Ca2�/CaM-

dependent adenylate cyclase activity.
The present studies were undertaken to determine whether

Ca2/CaM regulation of adenylate cyclase had implications for
the physiological regulation of the enzyme’s activity. Evidence
that Ca2�/CaM regulates adenylate cyclase in vivo can be found

in studies utilizing intact PCi2 and GH3 cells (37, 38) or
primary cultures of pituitary cells (39). Additionally, Ca2�/
CaM-dependent stimulation of adenylate cyclase may play a

role in the enhanced stimulation of adenylate cyclase produced

by neurotransmitters in the presence of Ca2�-mobilizing hor-

mones (e.g., a1-adrenergic potentiation of fl-adrenergic stimu-

lation of adenylate cyclase activity in brain slices) (40-42).

Previous work from this laboratory (24, 25) and others (28) has
demonstrated that Gpp(NH)p-mediated inhibition of adenylate
cyclase is strictly dependent upon Ca2�/CaM in rat hippocam-

pus and cortex, and bovine cerebellum, respectively. However,
recently it has become clear that guanine nucleotide-binding

proteins probably regulate not only adenylate cyclase (i.e., via

N, and N,) but also phospholipase C (29, 30) and ion channels

(3i). Thus, nonhydrolyzable guanine nucleotide analogs, such
as Gpp(NH)p, may access several different types of regulatory
proteins within a plasma membrane preparation. Therefore, it

was important to demonstrate that receptor-mediated inhibi-

tion and stimulation of adenylate cyclase activity could also be
regulated by Ca2�/CaM. In the present study, inhibition of the

adenylate cyclase activity of cerebellar membranes by both PIA

and Gpp(NH)p was observed in the presence of CaM and low
�M concentrations of Ca2�. The maximum inhibition produced
by PIA was 25-30% of CaM-stimulated activity. Although this

inhibition is relatively modest, it is in agreement with most

published studies of neurotransmitter-mediated inhibition of

neuronal adenylate cyclase from this and other laboratories
(e.g., Refs. 32 and 43-46) and hopefully does relate to the

physiological role played by such receptor systems. Although
PIA also produced inhibition in the presence of Mn2� and

forskolin, this discussion will focus on the implications of the
regulation by Ca2�/CaM, since the former two activators are

pharmacological agents which are mainly of experimental util-
ity, whereas calmodulin is present in whole cells and its role is

of physiological relevance. The data suggest that under condi-

tions in which Ca2�/CaM does not stimulate adenylate cyclase,

inhibitory neurotransmitters have little effect upon adenylate

cyclase activity. For example, the free Ca2� concentration

within a quiescent neuron has been reported to be approxi-

mately iQO nM (47), and Ca2/CaM-dependent stimulation of

adenylate cyclase activity would not be expected to occur at

this concentration of free Ca2� (see Fig. ib). However, subse-
quent to occupation of a receptor linked to 1P3 production, with
a concomitant increase in Ca2� concentration (to approximately

0.8-i sM) (48), Ca2�/CaM-dependent stimulation of adenylate

cyclase activity (up to 2.5-fold in cerebellar tissue) could occur.
This stimulation by Ca2� would permit the occupation of an

inhibitory receptor to be effectively coupled to the inhibition

of adenylate cyclase activity. Alternatively, depolarization of a

neuron and a subsequent increase in intracellular free Ca2�

concentration could also presumably result in Ca2�/CaM-de-

pendent stimulation of adenylate cyclase activity, permitting

neurotransmitter-mediated inhibition of adenylate cyclase to

proceed.
With respect to stimulation of adenylate cyclase, again, only

a relatively small increment of stimulation was produced by

ISO (approximately 20% above basal). Plasma membrane prep-

arations derived from a mammalian neuronal tissue are noto-

riously resistant to neurotransmitter-mediated stimulation of

adenylate cyclase activity, with maximal stimulation of ade-

nylate cyclase activity being approximately 50% above basal

(e.g., Ref. 23). This degree of stimulation is generally obtained

at higher temperatures, higher substrate (ATP) concentrations,
and higher protein concentrations than those used in the pres-
ent study. Thus, the stimulation produced by ISO in the present

study is within the range of expected values. ISO- and
Gpp(NH)p-mediated stimulation of adenylate cyclase activity

occurred only in the absence of Ca2�/CaM-dependent stimula-
tion of enzyme activity. Thus, neurotransmitter-mediated stim-

ulation of adenylate cyclase activity might only occur in a

resting neuron, whose intracellular Ca2� concentration is rela-

tively low. However, in a depolarized cell, or following occupa-

tion of an IP3-linked receptor, neurotransmitter-mediated stim-
ulation of adenylate cyclase activity would be precluded due to
stimulation of enzyme activity by Ca2�/CaM.

The present demonstration that Ca2�/CaM precludes ISO-
mediated stimulation of rat cerebellar adenylate cyclase activity

is not totally in agreement with a previous report of synergism

between CaM- and ISO-mediated stimulation of bovine cere-

bellar enzyme activity (27). However, in the latter study, the

degree of stimulation produced by 10 �zM ISO (in the presence

of iO �M GTP) was actually higher in the absence than in the

presence of Ca2�/CaM. It is well established that dopamine-
mediated stimulation of rat or bovine striatal adenylate cyclase
activity is potentiated by Ca2�/CaM (22, 23). However, the

striatum differs from other brain regions with respect to the

role of CaM in the inhibition of adenylate cyclase activity (32)

and the same may be true of stimulation.
In summary, the permissive and nonpermissive effects of

Ca2�/CaM-dependent stimulation of adenylate cyclase upon

neurotransmitter-mediated inhibition and stimulation, respec-

tively, provide an attractive mechanism whereby neurotrans-

mitter-mediated inhibition of adenylate cyclase might only
occur in the presence of increased free Ca2� ions (via production

of IP3 or depolarization), while neurotransmitter-mediated
stimulation of enzyme activity might only occur in a quiescent
neuron at low concentration of intracellular free calcium. In an
in vivo situation, this could provide a precise feedback mecha-

nism whereby neurotransmitter-mediated stimulation of ade-

nylate cyclase activity would occur only in a resting cell, while
inhibition would occur only in an activated neuron.

Acknowledgments

The expert secretarial assistance of Ms. LaJuana Bradley, Ms. Karen Kail
Eckart, and Ms. Kathy Fassler is gratefully acknowledged.

References

1. Limbird, L. E. Activation and attenuation of adenylate cyclase. Biochem. J.
195:1-13 (1981).

2. Cooper, D. M. F. Receptor-mediated stimulation and inhibition of adenylate

cyclase. Curr. Top. Membr. Transp. 18:67-84 (1983).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


132 Ahlijanian and Cooper

3. Rodbell, M. The role of hormone receptors and GTP-regulatory proteins in

membrane transduction. Nature (Land.) 284:17-22 (1980).
4. Brostrom, C. 0., Y. C. Huang, B. M. Breckenridge, and D. J. Wolff. Identi-

fication of a calcium-binding protein as a calcium-dependent regulator of

brain adenylate cyclase. Proc. Nat!. Acad. Sci. USA 72:64-68 (1975).

5. Cheung, W. Y., L. E. Bradham, T. J. Lynch, Y. M. Lin, and E. A. Tallant.

Protein activator of cyclic 3’:S’ -nucleotide phosphodiesterase of bovine or
rat brain also activates its adenylate cyclase. Biochem. Biophys. Res. Commun.

66:1055-1062 (1975).

6. Valverde, I., A. Vandermeers, R. Anjaneyala, and W. J. Malaisse. Calmodulin
activation of adenylate cyclase of pancreatic islets. Science (Wash. D. C.)
206:225-227 (1979).

7. LeDonne, N. C., and C. J. Coffee. Properties ofthe adrenal medulla adenylate

cyclase. Fed. Proc. 38:317 (1979).
8. Piascik, M. T., M. Babich, and M. E. Rush. Calmodulin stimulation and

calcium regulation of smooth muscle adenylate cyclase activity. J. Biol. Chem.
259:10913-10918 (1983).

9. Pinkus, L. M., S. Sulimovici, F. I. Susser, and M. S. Roginski. Involvement
of calmodulin in the regulation of adenylate cyclase in guinea pig enterocytes.
Biochim. Biophys. Acta 762:552-559 (1983).

10. Panchenko, M. P., and V. A. Tkachuk. Calmodulin activates adenylate cyclase
from rabbit heart plasma membranes. FEBS Lett. 174:50-53 (1984).

11. Lakey, T., S. MacNeil, H. Humphries, S. W. Walker, D. S. Munro, and S.
Tomlinson. Calcium and calmodulin in the regulation of human thyroid
adenylate cyclase activity. Biochem. J. 225:581-589 (1985).

12. Resink, T. J., S. Stucki, G. Y. Grigorian, A. Zschauer, and F. R. Buhler.
Biphasic Ca2� response of adenylate cyclase. The role of calmodulin in its
activation by Ca2� ions. Eur. J. Biochem. 154:451-456 (1986).

13. Westcott, K. R., D. C. Laporte, and D. R. Storm. Resolution of adenylate
cyclase sensitive and insensitive to Ca2� and calcium-dependent regulator
protein (CDR) by CDR-Sepharose affinity chromatography. Proc. NatL Acad.

Sci. U.S.A. 76:204-208 (1979).

14. Salter, R. S., M. H. Krinks, C. B. Lee, and E. J. Neer. Calmodulin activates

the iSOlated catalytic unit of brain adenylate cyclase. J. Biol. Chem.
256:9830-9833 (1981).

15. Brostrom, C. 0., M. A. Brostrom and D. J. Wolff. Calcium-dependent

adenylate cyclase from rat cerebral cortex: reversible activation by sodium
fluoride. J. BiOL Chem. 252:5677-5685 (1977).

16. Yeager, R. E., W. Heideman, G. B. Rosenberg, and D. R. Storm. Purification
of the calmodulin sensitive adenylate cyclase from bovine cerebral cortex.

BiochemLstry 24:3776-3783 (1985).
17. Gietzen, K., A. Wuthrich, and H. Bader. Effects of microtubular inhibitors

on plasma membrane calmodulin-dependent Ca2�-transport ATPase MoL
Pharmo.coL 22:413-420 (1982).

18. Tanaka, T., and H. Hidaka. Interaction of local anesthetics with calmodulin.
Biochem. Biophys. Res. Commun. 101: 447-453 (1981).

19. Levin, R. M., and B. Weiss. Selective binding of anti-psychotics and other
psychoactive agents to the calcium-dependent activator of cyclic nucleotide
phosphodiesterase. J. PharmacoL Exp. Ther. 208:454-459 (1979).

20. Vincenzi, F. F. Calmodulin pharmacology. Cell Calcium 2:387-409 (1981).
21. Zhou, L.-W., J. A. Moyer, E. A. Muth, B. Clark, M. Palkovits, and B. Weiss.

Regional distribution of calmodulin in rat brain. J. Neurochem. 44:1657-
1662 (1985).

22. Gnegy, M. E., P. Uzunov, and E. Costa. Regulation of dopamine stimulation

of striatal adenylate cyclase by an endogenous Ca21-binding protein. Proc.
NatL Acad. Sci. USA 73:3887-3890 (1976).

23. Gnegy, M., and G. J. Treisman. Effect of calmodulin on dopamine-sensitive
adenylate cyclase activity in rat striatal membranes. MoL Pharmo.coL 19:256-
263 (1981).

24. Girardot, J. M., J. Kempf, and D. M. F. Cooper. Role of calmodulin in the
effect of guanyl nucleotides on rat hippocampal adenylate cyclase: involve-
ment of adenosine and opiates. J. Neurochem. 41:848-859 (1983).

25. Perez-Bayes, E., and D. M. F. Cooper. Interaction of the inhibitory GTP
regulatory component with soluble cerebral cortical adenylate cyclase. J.
Neurochem. 46:1508-1516 (1986).

25a. Perez-Hayes, E., and D. M. F. Cooper. Calmodulin stimulation of the rat

cerebral cortical adenylate cyclase is required for the detection of quanine

nucleotide- or hormone-mediated inhibition. MoL PharmacoL , in press.

26. Yeager, R. E., R. Nelson, and D. R. Storm. Adenosine inhibition of calmod-
ulin-sensitive adenylate cyclase from bovine cerebral cortex. J. Neurochem.
47:139-144 (1986).

27. Malnoe, A., E. A. Stein, and J. A. Cox. Synergistic activation of bovine

cerebellum adenylate cyclase by calmodulin and �9-adrenergic agonists. Neu-
rochem. mt. 5:65-72, 1983.

28. Malnoe, A., and J. A. Cox. Relationship among calmodulin-, forskolin-, and

guanine nucleotide-dependent adenylate cyclase activities in cerebellar mem-
branes: studies by limited proteolysis. J. Neurochem. 45:1163-1171, (1985).

29. Litosch, I., C. Wallis, andJ. N. Fain. 5-Hydroxytryptamine stimulates inositol
phosphate production in a cell-free system from blowfly salivary glands. J.
BiOL Chem. 260:5464-5471 (1985).

30. Cockroft, S., and B. D. Gomperts. Role of guanine nucleotide binding protein

in the activation of polyphosphoinositide phosphodiesterase. Nature (Land.)

314:534-536 (1985).
31. Holz, G. G., S. G. Rane, and K. Dunlop. GTP-binding proteins mediate

transmitter inhibition ofvoltage-dependent calcium channels. Nature (Land.)

319:670-672 (1986).
32. Cooper, D. M. F., C. M. Bier-Laning, M. K. Halford, M. K. Ahlijanian, and

N. R. Zahniser. Dopamine, acting through D-2 receptors, inhibits rat striatal
adenylate cyclase by a GTP-dependent process. MoL PharmacoL 29:113-119
(1986).

32a. Ahlijanian, M. K., M. K. Halford, and D. M. F. Cooper. Ca2�/calmodulin

distinguishes between Gpp(NH)p-opiate-mediated inhibition of rat striatal
adenylate cyclase. J. Neurochem., in press.

33. Salomon, Y., C. Londos, and M. Rodbell. A highly sensitive adenylate cyclase
assay. Anal. Biochem. 58:541-548 (1974).

34. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. Protein
measurement with Folin phenol reagent. J. BIOL Chem. 193:265-275 (1951).

35. Martell, A. E., and R. M. Smith. Critical Stability Constants, Vol. 2. Plenum
Press, New York, 269-284 (1975).

36. Steele, R. G. D., and J. H. Tome. Principles and Procedures of Statistics,

McGraw-Hill, New York, 107-109, 111-114 (1960).
37. Baizer, L., and N. Weiner. Regulation of dopamine release from PC12

pheochromocytoma cell cultures during stimulation with elevated potassium
or carbachol. J. Neurochem. 44:495-501 (1985).

38. Brostrom, M. A., C. 0. Brostrom, L. A. Brotman, and S. S. Green. Regulation
of Ca�2-dependent cyclic AMP accumulation and Ca2� metabolism in intact
pituitary tumor cells by modulators of prolactin production. MoL PharmacoL
23:399-408 (1983).

39. Schettini, G., M. J. Cronin, and R. M. MacLead. Adenosine 3’,S’-monophos-
phate (cAMP) and calcium-calmodulin interrelation in the control of prolac-
tin secretion: evidence for dopamine inhibition of cAMP accumulation and
prolactin release after calcium mobilization. Endocrinology 112:1801-1807
(1983).

40. Hollingsworth, E. B., and J. W. Daly. Accumulation of inositol phosphates
and cyclic AMP in guinea-pig cerebral cortical preparations. Effects of
norepinephrine, histamine, carbamylcholine and 2-chloroadenosine. Biochim.

Biophys. Acta 847:207-216 (1985).
41. Daly, J. W., W. Padgett, C. R. Creveling, D. Cantacuzene, and K. L. Kirk.

Cyclic AMP-generating systems: regional differences in activation by adre-

nergic receptors in rat brain. J. Neurosci. 1:49-59 (1981).
42. Schwabe, U., and J. W. Daly. The role of calcium ions in accumulations of

cyclic adenosine monophosphate elicited by alpha and beta adrenergic ago-
nists in rat brain slices. J. PharrnacoL Exp. Ther. 202:134-143 (1977).

43. Law, P. Y., J. Wu, J. E. Koehler, and H. H. Loh. Demonstration and
characterization of opiate inhibition of the striatal adenylate cyclase. J.
Neurochem. 36:1834-1846 (1981).

44. Cooper, D. M. F., C. Londos, D. L. Gill, and M. Rodbell. Opiate receptor-
mediated inhibition of adenylate cyclase in rat striatal plasma membranes.
J. Neurochem. 38:1165-1167 (1982).

45. Olinas, M. C., P. Onali, N. H. Neff, and E. Costa. Adenylate cyclase activity
of synaptic membranes from rat striatum: inhibition by muscarinic receptor
agonists. MoL PharmacoL 23:393-398 (1983).

46. Wojcik, W. J., and N. H. Neff. -y-Aminobutyric acid B receptors are negatively
coupled to adenylate cyclase in brain, and in the cerebellum these receptors
may be associated with granule cells. MoL PharmacoL 25:24-28 (1984).

47. Kuffler, S. W., J. G. Nicholls, and A. R. Martin. From Neuron to Brain, 2nd

ad. Sinauer, Sunderland, MA, 100-202 (1984).
48. Berridge, M. J., and R. F. Irvine. Inositol trisphosphate, a novel second

messenger in signal transduction. Nature (Land.) 312:315-321 (1984).

Send reprint requests to: Dr. Dermot M. F. Cooper, Department of Pharma-
cology, University of Colorado Health Sciences Center, 4200 East 9th Avenue,
Campus Box C-236, Denver, CO 80262.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



