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SUMMARY

Piascik, M. T., M. F. P1ascIK, R. J. HITZEMANN, AND J. D. PoTTER. Ca**-dependent
regulation of rat caudate nucleus adenylate cyclase and effects on the response to
dopamine. Mol. Pharmacol. 20:319-325 (1981).

The Ca®** dependence of rat caudate nucleus microsomal adenylate cyclase [ATP pyro-
phosphate-lyase (cyclizing) EC 4.6.1.1] was determined and compared with that of cortical
microsomes. Both cyclase preparations exhibited a biphasic response to Ca®** with no
differences in the free Ca’* concentrations required to stimulate (one-half maximum =
0.19 uM cortex; 0.2 uM caudate) and inhibit (one-half maximum = 1 um cortex; 0.9 um
caudate) each cyclase system. Whereas the cortical activity was stimulated 7-fold by Ca®*,
the caudate activity exhibited only a 2-fold Ca**-induced enhancement of basal cyclase.
This relative insensitivity of caudate adenylate cyclase is not due to the selective loss of
calmodulin. Ca®** concentrations (0.03-0.5 uM) which stimulate the cyclase and the
addition of large excesses of calmodulin had no effect on the EDso of dopamine. The
abilities of Ca®** and dopamine to stimulate caudate adenylate cyclase activity were
additive over the concentration range of 0.03-0.5 um Ca®*. Ca** concentrations (>0.5 um)
which inhibit adenylate cyclase activity abolished the stimulatory effect of dopamine.
Therefore, it is suggested that Ca’** and dopamine, in a coordinated manner, can modulate

the response of caudate adenylate cyclase.

INTRODUCTION

Catecholamines are thought to exert regulatory control
over synaptic function, in part, by stimulation of a mem-
brane receptor coupled to adenylate cyclase. Recent ev-
idence has suggested that Ca’* may also exert regulatory
control over brain adenylate cyclase (1-3). The effect of
Ca®* on brain cyclase is biphasic in nature; stimulation
occurs at low Ca®* concentrations followed by inhibition
at higher Ca** concentrations (1-3). The fact that both
stimulation and inhibition occur at free Ca®* levels
thought to exist intracellularly (1) supports the concept
that Ca®* is an important regulator of brain cyclase.
Whereas Ca®* stimulation of cyclase activity is due to
calmodulin (1-3), Ca?*-dependent inhibition of cyclase
activity is mediated by a Ca** binding site which may be
distinct from calmodulin (4).

In the caudate nucleus, both dopamine and Ca®* exert
regulatory control over adenylate cyclase (5, 6). The Ca®*
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stimulation is calmodulin-dependent (6). Gnegy et al. (7,
8) have suggested that a rise in caudate calmodulin
content following chronic treatment with haloperidol can
enhance cyclase activity and is responsible for dopamine
receptor supersensitivity.

Although the Ca®* regulation of adenylate cyclase is
an attractive property consistent with the second mes-
senger role of Ca®*, little evidence has been obtained
concerning the interaction between Ca** and dopamine
in the regulation of caudate adenylate cyclase. Herein,
we report the free Ca’* concentrations required to stim-
ulate and inhibit caudate cyclase activity as well as the
interaction between Ca’* and dopamine in the regulation
of caudate adenylate cyclase.

METHODS

Isolation of microsomes from rat cortex and caudate
nucleus. Male rats (150-200 g, Sprague-Dawley, Harlan
Industries, Indianapolis, Ind.) were killed, the cortex was
removed, and the caudate was dissected by the method
of Glowinski and Iverson (9). Brain regions were homog-
enized in 9 volumes (w/v) of 5 mM Hepes® (pH 7.2)

3The abbreviations used are: Hepes, 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid.
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containing 0.32 M sucrose. As determined by atomic
absorption spectrophotometry, the buffer contained a 10
uM level of contaminating Ca®*. The tissue was homoge-
nized (eight strokes) in a Teflon-glass homogenizer at a
rate of 150 rpm. The homogenate was centrifuged at
1,000 X g for 10 min and the supernatant was centrifuged
at 17,000 X g, also for 10 min. The resulting supernatant
was centrifuged at 100,000 X g for 1 hr and the final
pellet containing the microsomes was resuspended in a
minimal volume of 5 mm Hepes (pH 7.2) containing 0.32
M sucrose. The protein concentration was 5-10 mg/ml.

Assay of adenylate cyclase. Reaction mixtures (250 ul)
contained 2 mM EGTA, 160 mM morpholinopropanesul-
fonic acid (pH 7.2), 83 mMm Tris base, 1 mmM NaATP, 2
mMm MgCl;, 10 um GTP, 10 mM theophylline, 1 mM cyclic
AMP, 10 mmM phosphocreatine, 12.6 ug of creatine phos-
phokinase, [*H]cyclic AMP (10,000 cpm to monitor re-
covery), dopamine (when appropriate), and brain micro-
somal protein (0.08-0.3 mg/assay). Varying amounts of
CaCl; were added to yield a specified free metal ion
concentration (see below). These mixtures were incu-
bated for 5 min prior to the addition of [a-**P]ATP (1-2
x 10° cpm). The reaction was allowed to proceed for 10
min at 30° and was stopped by addition of 760 ul of 1%
sodium dodecyl sulfate. [**P]cyclic AMP was purified by
the double-column procedure of Salomon et al. (10). The
amount of radioactivity in the column eluents was deter-
mined by liquid scintillation spectrometry. Determina-
tions were performed in triplicate. The rate of cyclic
AMP formation was linear for at least 15 min at maximal
stimulatory concentrations of Ca?>* and/or dopamine.

Calculation of free metal ion concentrations. By using
a Perkin-Elmer atomic absorption spectrophotometer to
determine the Ca** contamination of the assay reagents
(10 uM) and employing a computer program, the concen-
trations of free Ca** were calculated for each addition of
CaCl; to the adenylate cyclase assays. Logarithms of the
association constants (11) used in the computer program
were as follows: H* to EGTA*", 9.46; H* to HEGTA®",
8.85; H* to H:EGTA?, 2.68; H* to H;EGTA'-, 2.00; Ca?*
to EGTA*", 11.00; Ca** to HEGTA?®", 5.32; Mg** to
EGTA*, 5.21; Mg** to HEGTA®", 3.37; H* to ATP*,
7.04; H* to HATP?, 3.93; Ca’* to ATP'", 4.40; Ca** to
HATP?", 2.48; Mg** to ATP*", 4.64; Mg** to HATP*",
2.73; and Na* to ATP*, 1.16. In all cases, contributions
of other components in the reaction mixture to the con-
centration of free Ca’* were considered and deemed
negligible (e.g., Ca’* to phosphocreatine = 60 M~'). In the
absence of added CaClz, the amount of free Ca** contam-
inating the reaction mixtures was approximately 10~'° m.

Protein determinations. Protein concentrations were
determined by the method of Lowry et al. (12) using
bovine serum albumin as standard.

Materials. Dopamine (Sigma Chemical Company, St.
Louis, Mo.) solutions were made immediately before use
in double-distilled water containing 1.0 mMm ascorbate.
The final ascorbate concentration in the reaction buffer
was 100 uM and did not affect cyclic AMP formation rate.
[*H]cyclic AMP and [a-*P]ATP were purchased from
New England Nuclear Corporation (Boston, Mass.).
Na;ATP, cyclic AMP, EGTA, GTP, theophylline, mor-
pholinopropanesulfonic acid, Hepes, Tris, phosphocrea-
tine, and creatine phosphokinase were obtained from the

Sigma Chemical Company. All other chemicals were of
reagent grade.

Statistical analysis. When necessary, dose-response
curves were normalized by conversion to probits and
significant differences in EDs, were analyzed as described
by Finney (13).

RESULTS

The Ca®* dependence of both cortical and caudate
microsomal adenylate cyclase activity was determined.
Figure 1 shows that the cortical cyclase exhibits a typical
biphasic response to Ca®*, with both one-half maximal
stimulation (0.19 uM) and inhibition (1 uM) occurring at
concentrations of free Ca** thought to occur physiologi-
cally. The biphasic nature of the Ca?* dose-response
curve has previously been reported for brain cortex ad-
enylate cyclase (1-3). The caudate adenylate cyclase also
responds to Ca** in a biphasic manner, with one-half
maximal stimulation and inhibition occurring at 0.2 and
0.9 uM, respectively. In both cortex and caudate, thresh-
old levels of Ca** stimulation occur at approximately 0.03
pM with maximal stimulation at 0.6 uM free Ca?*. Al-
though cortical activity is stimulated 7-fold by Ca?*, the
caudate adenylate cyclase activity is stimulated only 2-
fold. Since Ca**-dependent stimulation of adenylate cy-
clase is conferred by calmodulin (1-3), the difference in
the Ca’* enhancement of adenylate cyclase activity in
cortex versus caudate might suggest that calmodulin is
lost from caudate but not cortical microsomes during
preparation. A calmodulin loss from caudate microsomes
is unlikely, since the addition of saturating levels of
calmodulin (>60 ug/ml) did not restore the caudate
response to levels seen in cortex (Table 1). Large excesses
of calmodulin caused only a moderate (7-17%) increase
in Ca**-dependent cyclase activity in cortex as well as
caudate. This suggests that both preparations were
nearly saturated with endogenous calmodulin.

Figure 2 shows dose-response curves to dopamine at
three different free Ca®** concentrations, each of which
produces stimulation of the adenylate cyclase activity. In
addition to this Ca®*-induced enhancement, dopamine
also produces a concentration-dependent stimulation.
The EDgo values (the concentration required to produce
a 50% enhancement of cyclase activity) for dopamine
extrapolated from Fig. 2 are 5, 7, 4, and 8 um for 0, 0.13,
0.27, and 0.5 uM free Ca?*, respectively. Log probit anal-
yses (13) of these dose-response curves revealed no sig-
nificant differences in the EDyo values.

Figure 3 reveals that at a Ca** concentration of 0.35
uM, the EDg for dopamine is not significantly changed
(as determined by probit analysis) in the presence or
absence of a large excess (>60 ug of calmodulin per
milligram of microsomal protein) of calmodulin.

The effect of a maximal stimulatory concentration of
dopamine (50 uM) on the biphasic dose-response curve of
Ca®* is presented in Fig. 4. Dopamine enhanced basal
activity nearly 2-fold but had no effect on the sensitivity
(one-half maximal stimulation = 0.1 uM; one-half maxi-
mal inhibition = 0.9 um) of the cyclase to Ca**. For Ca**
concentrations which stimulated the cyclase (0.03-0.6
uM), the response to dopamine was additive with the
Ca?* effect. At Ca** concentrations which inhibited the
cyclase (>0.6 uM), the system was unresponsive to do-
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F16. 1. Effect of Ca®* on the activity of rat cortex and caudate microsomal adenylate cyclase
Assays were performed as described under Methods. Protein concentrations were 80-200 ug/assay for both cortex (O) and caudate (®). Each
point represents the mean of triplicate determinations on each of four preparations. Error associated with each point was <10%. cAMP, cyclic

AMP.

pamine. These findings are similar to those reported by
Clement-Cormier et al. (15).

Figure 5 details the dose-response relationship of do-
pamine at two concentrations of Ca®** which markedly
inhibited cyclase activity. At both 1 and 10 uM free Ca?*,
no dopamine stimulation of caudate adenylate cyclase
activity was observed.

DISCUSSION

In this study, the Ca** dependence of adenylate cyclase
associated with rat caudate microsomes was examined.

TABLE 1
Effect of calmodulin on the microsomal adenylate cyclase of cortex
and caudate®
Cyclic AMP formation®
No 10 ug
calmodu- Calmodulin/as-

lin say

pmoles/min/mg
Cortex 146 £ 2.3 136 + 1.0
Cortex + 0.5 uM free Ca®* 888+ 75 959 + 3.3
Caudate 34 +1.0 37x1.1
Caudate + 0.5 uM free Ca®* 65.7 + 4.5 79+23

% Membranes were isolated and adenylate cyclase was assayed as
described under Methods. The assay volume was 250 ul. The protein
concentration was approximately 100 pg/assay.

® Each point represents the mean and standard error of triplicate
determinations on three preparations.

Cortical microsomes were prepared from the same brain
to serve as an adenylate cyclase system which presents
the characteristic biphasic response to Ca®*. Cortical
adenylate cyclase activity was stimulated (one-half max-
imum = 0.19 uM) and inhibited (one-half maximum = 1.0
uM) by free Ca®* concentrations well within the physio-
logical range. Caudate microsomes contained a calcium-
dependent adenylate cyclase which was similarly affected
by free Ca’*. Values for one-half maximal stimulation
(0.2 uM) and inhibition (0.9 uM) are in agreement with
those seen in the cortex. The calcium requirements for
rat microsomal cyclase are slightly different than those
previously reported (1) for the adenylate cyclase in a
crude, broken-cell preparation from guinea pig cortex
(one-half maximal stimulation = 0.08 um Ca®*; one-half
maximal inhibition = 0.3 um Ca®"). However, this slight
discrepancy could reflect species variation or differences
due to the purity of the preparation.

It is well established that the stimulatory phase of the
Ca®* dose-response in brain is due to calmodulin (1-3).
Ca®*, interacting with calmodulin in the cortical micro-
somes, produces a 7-fold enhancement of the basal ad-
enylate cyclase activity (14.6 pmoles/min/mg), whereas
the Ca’*-calmodulin complex in caudate results in only
a 2-fold increase in its basal cyclase activity (34 pmoles/
min/mg). These data suggest that, relative to the cortex,
the caudate adenylate cyclase is less sensitive to the
stimulatory properties of Ca?*. This lower sensitivity
does not appear to be due to a selective loss of calmodulin
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Fi1G. 2. Effect of Ca** on the dopamine stimulation of rat caudate adenylate cyclase
Assay of caudate microsomes was carried out as described under Methods. Free Ca®* concentrations were 0 (O), 0.13 (@), 0.27 (©), and 0.5 um
(@). Each point represents the mean of triplicate determinations on two to five preparations. Error associated with each point was <10%. cAMP,

cyclic AMP.

from the microsomes isolated from the caudate. The
addition of a large excess of calmodulin to the caudate
adenylate cyclase assays (Table 1) was not able to recon-
stitute a Ca®>* stimulatory effect to levels seen in the
cortex. A lower Ca®* sensitivity in caudate adenylate
cyclase with respect to cortex has also been noted by
Gnegy et al. (6). "

Since calmodulin is an intracellular protein, it is rea-
sonable to assume that the action of Ca** would occur
via calmodulin on the cytoplasmic side (16) of the mem-
brane. Dopamine initiates its effect via a cell surface
receptor. This study indirectly characterizes the inter-
action between these two sites. The data in Figs. 2-4
indicate that Ca®* and dopamine have no effect on the
stimulatory properties of the other. Either agonist en-
hances basal caudate cyclase activity upon which the
other can produce its typical dose-dependent stimulation
of cyclase activity. No shift in sensitivity to the agonists
is observed. Furthermore, a large excess of calmodulin
enhanced basal activity without affecting the EDs, to
dopamine. This would suggest that calmodulin and the
dopamine receptor are noninteractive.

Recently, Gnegy et al. (7, 8) demonstrated an enhanced

basal cyclase activity and a 4-fold decrease in the EDs
for dopamine concomitant with increases in caudate cal-
modulin content after 14 days of treatment with haloper-
idol. It has been proposed that these increases in the
calmodulin content of caudate membranes after haloper-
idol treatment are responsible for receptor supersensitiv-
ity to dopamine (7, 8). The data reported here are not
consistent with the above hypothesis. However, it must
be cautioned that the results of Gnegy et al. (7, 8) were
obtained following chronic treatment, and the effects of
this treatment on calmodulin-cyclase coupling are un-
known. If the effects are due simply to an enhanced level
of caudate calmodulin, one might expect that an assay
performed in the presence of high levels of calmodulin
could mimic the supersensitive state with a resultant
shift in the EDs, to dopamine. Figure 3 shows no such
shift in EDso. Calmodulin does not render the adenylate
cyclase more sensitive to dopamine. In addition, other
investigators have not been able to show increases in
adenylate cyclase activity after chronic antipsychotic
treatment (17, 18).

Dopamine stimulation of adenylate cyclase activity is
seen only at Ca®* concentrations between 0 and 0.5 uM.
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Fic. 3. Effect of calmodulin on dopamine stimulation of adenylate cyclase

Dose responses to dopamine were obtained in the presence of 0.35 uM free Ca** with (@) and without (O) 10 ug of purified calmodulin added
to each assay. In the absence of 0.35 um Ca?*, calmodulin did not affect basal activity of the cyclase. Each point represents the mean of triplicate
determinations on each of three preparations of caudate microsomes. Error associated with each point was <10%. cAMP, cyclic AMP.

Higher Ca** concentrations progressively inhibit the do-
pamine stimulation of cyclase activity (Figs. 4 and 5).
Inhibition of adenylate cyclase is believed to occur by
Ca’®* binding to a metal binding site distinct from cal-
modulin (4). Unlike calmodulin, this site can affect the
response of the cyclase to dopamine. When this site is
occupied by Ca®*, the adenylate cyclase is refractory to
the stimulatory effects of dopamine.

Thus, Ca®*, acting at two distinct sites, can modify the
response of caudate adenylate cyclase. When bound to
calmodulin, low free Ca’* concentrations can enhance
cyclase activity (Figs. 1 and 4). However, at higher Ca®*
concentrations, when interacting at the inhibitory metal
site, Ca** can inhibit all adenylate cyclase activity. The
fact that this inhibition occurs over the concentration
ranges of 0.5-10 uM suggests that Ca®>*-dependent inhi-
bition of cyclase activity may be an important facet of
Ca®*-dependent regulation. Realizing that extrapolating
data derived from broken-cell preparations to events
occurring in the intact cell is tenuous, the following model
for regulation of intracellular cyclic AMP levels in the
caudate is proposed. Dopamine, by interacting with its

receptor, initiates the stimulation of caudate adenylate
cyclase with subsequent rises in intracellular cyclic AMP.
At low free Ca®* concentrations (0.03-0.5 um), Ca®* com-
bines with calmodulin, producing an independent stim-
ulation of cyclase activity. These effects might occur
simultaneously to produce an additive effect. However,
Ca** concentrations greater than 0.5 uM progressively
inhibit all adenylate cyclase activity. Also, cyclic AMP
phosphodiesterase has been shown to be active at Ca®*
concentrations which inhibit the cyclase (1). Thus, in a
coordinated manner, Ca®>* and dopamine, acting individ-
ually or in concert, could regulate intracellular events in
the caudate by modulating adenylate cyclase activity.
Whereas the model proposed above suggests the ex-
istence of a single population of caudate adenylate cy-
clase, the data presented herein are also consistent with
the hypothesis of two distinct adenylate cyclase popula-
tions; one stimulated by Ca®*, the other stimulated by
dopamine (19). These populations could function inde-
pendently to increase intracellular cyclic AMP levels,
possibly in response to distinctly different stimuli. If such
a distinct population did exist, then the data suggest that
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Fi1G. 4. Effect of dopamine on the Ca®* dependence of microsomal adenylate cyclase of rat caudate
Ca®* dependence of caudate adenylate cyclase was determined in the presence (@) and absence (O) of 50 uM dopamine. Each point represents
the mean of triplicate determinations on each of four preparations. Error associated with each point was <10%. cAMP, cyclic AMP.
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F1G. 5. Effect of inhibitory Ca®* concentrations on dopamine stim-
ulation of adenylate cyclase

The effect of various concentrations of dopamine was examined at
Ca** concentrations which are inhibitory to adenylate cyclase. Ca**
concentrations employed were 0 (O), 1 (@), and 10 uM (©). Data are the
mean of triplicate determinations on two preparations. Error associated
with each point was <10%. cAMP, cyclic AMP.

the dopamine-sensitive form of the enzyme would be
inhibited but not stimulated by Ca** (See Figs. 4 and 5).
If both Ca®* and dopamine-sensitive forms of the enzyme
were present in the caudate, then our results imply that
calmodulin is not associated with, or is unable to stimu-
late, the dopamine form of the enzyme. The fact that
Ca®* can inhibit dopamine-dependent stimulation of cau-
date adenylate cyclase (Figs. 4 and 5) suggests that if
multiple forms of adenylate cyclase did exist, then both
the Ca?* and dopamine-sensitive forms would have an
inhibitory Ca?* binding site. Furthermore, both forms
would be inhibited over the same range of Ca** concen-
trations (0.5-10 um).

If both Ca®** and dopamine-sensitive forms of caudate
cyclase occurred on the same cell type, our results suggest
that Ca?* may be important in regulating cyclic AMP
levels in the caudate. At low levels (0-0.5 um), Ca®* would
combine with calmodulin to enhance the Ca?*-sensitive
form of caudate cyclase without affecting the dopamine-
sensitive form of the enzyme. However, Ca’* concentra-
tions greater than 0.5 uM would progressively inhibit
cyclic AMP (Ca®*- and dopamine-stimulated) synthesis.
If the Ca®*- and dopamine-sensitive forms of cyclase
occurred in discretely different areas of the caudate, the
results presented here suggest that the effect of Ca’* on
cyclic AMP levels would depend on the form of cyclase
present.

The results of the present study clearly illustrate that
minor changes in the levels of free Ca’* can have marked
effects on the adenylate cyclase activity of caudate mi-
crosomes. Minor changes in intracellular free Ca** may
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also have a marked effect on regulation in the intact cell.
If true, this finding could provide an insight into the
mechanism of action of various drugs, including the
opiates and sedative-hypnotics, which are thought to
involve changes in Ca?* fluxes (20-23). Furthermore,
studies have suggested that both the acute and chronic
effects of the opiates involve changes in adenylate cyclase
activity (24). Thus, these results could suggest that the
mechanism by which opiates regulate cyclase activity
may be coupled to the drug-induced changes in intracel-
lular free Ca®* concentration.
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