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SUMMARY
Bovine brain calmodulin activated adenlyate cyclase in calmod-
ulin-deficient rat anterior pituitary membranes. This activation
appeared to be specific by the following criteria: 1) calmodulin
activation was Ca2� dependent and responded biphasically to
calcium, displaying activation at low and inhibition at higher
concentrations; 2) calmidazolium, a potent calmodulin antago-
nist, inhibited calmodulin activation of adenylate cyclase; 3) ac-
tivation of the enzyme occurred in a dose-dependent manner, at
calmodulin concentrations normally found in most cells (1 - to 20-

�tM range). However, this response was not saturated using
calmodulin concentrations as high as 50 � The data suggest
that endogenous calmodulin can be dissociated from normal
anterior pituitary adenylate cyclase, that the enzyme can be
subsequently stimulated by addition of micromolar concentra-
tions of calmodulin, and that this enzyme appears to be at least
50-fold less sensitive to calmodulin than is the brain adenylate
cyclase.

Calcium and cyclic adenosine 3’:5’ monophosphate (cAMP)

play an important role in regulating hormone and transmitter
secretion from numerous tissues. In some cells, the actions of

these intracellular signals are interrelated such that Ca2� can
modulate cAMP levels (1) and cAMP can modulate the actions

of Ca2� (2). In the anterior pituitary, prolactin and growth

hormone (GH) secretion are regulated by both cAMP and Ca2�.
In pituitary cell cultures, activation of adenylate cyclase ele-

yates cAMP levels and promotes prolactin release (3, 4). Inhi-

bition of adenylate cyclase by dopamine res’ults in lowering of

cAMP levels and is associated with inhibition of prolactin

release (5, 6). Similarly, GH release is promoted by agents that

normally stimulate adenylate cyclase, such as cholera toxin and

forskolin (7). GH-releasing factor stimulates pituitary adeny-

late cyclase activity and this is associated with release of GH

(8), whereas somatostatin inhibits GH-releasing-factor-induced

cAMP accumulation and GH release (9). Extracellular Ca2�

supports prolactin and GH release, and lowering the Ca2�
diminishes this release (7, 10). In cultured pituitary cells, the

Ca2’� ionophore, A23187, promotes both the release of prolactin
and GH, and, concurrently, elevation of cAMP levels (8, 11).

Calmodulin (CaM) inhibitors prevent both the increase in

cAMP and in hormone release induced by A23187, suggesting
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that CaM may mediate these processes. However, the relation-

ship between Ca2� mobilization, increased cAMP levels, and
increased hormone release has not been established. Although

CaM may have several targets, one which would provide a

direct link between elevated intracellular Ca2� levels and in-

creased cAMP is adenylate cyclase (EC 4.6.1.1).

CaM-sensitive adenylate cyclase was first identified in brain
independently by Brostrom et al. (12) and Cheung et al. (13).

The response of this enzyme to CaM has been extensively

characterized, and apparent activation constants (KA’) for the

particulate enzyme range from 100-200 nM CaM (14, 15).
Experiments using partially purified brain adenylate cyclase

indicate that CaM interacts directly with the catalytic subunit
(16, 17), although additional interactions with other sites re-

main a possibility (18, 19). Recently, CaM-sensitive adenylate

cyclases have also been reported in several peripheral tissues,
including pancreatic islets (20), adrenal medulla (21), aortic

smooth muscle (22), and GH3 pituitary tumor cells (23). Using

membranes from Ca2�-depleted GH3 cells, Brostrom et al. (23)

observed a biphasic response of adenylate cyclase to added
Ca2�, which they proposed was mediated by calmodulin. Schet-
tini et at. (24, 25) reported that addition of either Ca2�, or Ca2�
plus CaM, to normal rat anterior pituitary membranes also

caused adenylate cyclase activation. Apparently, efficient re-
moval of endogenous CaM has hindered examination of this
response, and to date a detailed characterization of the CaM-

stimulated pituitary adenylate cyclase has not been performed.
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We have found that several washes of pituitary membranes
with an ethylene glycol bis(fl-aminoethyl ether)-N,N,N’,N’-

tetraacetic acid (EGTA) -containing buffer permits examina-
tion of CaM-stimulated adenylate cyclase activity. Our results
suggest that CaM specifically activates anterior pituitary aden-

ylate cyclase, but that this response differs from that of brain
adenylate cyclase in that it requires much higher concentrations
of CaM.

Materials and Methods

Materials. [a-3�P] Adenosine triphosphate (ATP) (specific activity
3000 Ci/mmol) was purchased from either ICN Pharmaceuticals (Ir-
vine, CA) or New England Nuclear. Adenylate cyclase assay compo-

nents and somatostatin were obtained from Sigma Chemical Co. (St.
Louis, MO). Calmidazolium, forakolin, and guanosine-5’-triphosphate

(GTP) were from Calbiochem (San Diego, CA). Fluphenazine was a
gift from Schering-Plough Corp. (Bloomfield, NJ). Other materials
were readily obtained from commercial sources.

Preparation ofpituitary membranes. Male Sprague-Dawley rats
(225-350 g) were killed by decapitation and each pituitary was placed
in ice-cold buffer composed of 50 mM tris(hydroxymethyl)amino-

methane (Tria)/HC1 (pH 7.5)/1.0 mM EGTA/1.0 mM dithiothreitol

(buffer A) containing 1.0 mM phenylmethylsulfonyl fluoride. All follow-
ing procedures were performed at 4’C. Membranes were prepared from

the dissected anterior pituitary lobes by homogenization using a glass

homogenizer and motor-driven teflon pestle (3 ml buffer A/pituitary)
and centrifugation at 10,000 x g for 20 mm. The pellet was similarly

washed twice in the same buffer in which phenylmethylsulfonyl fluoride
was omitted, and EGTA was reduced to 250 �M (buffer B). The

membranes were resuspended in buffer B at a protein concentration of

0.5-3.0 mg/ml for the adenylate cyclase assay. During the 10-mm assay,

the production of cAMP was linear within this range of protein con-
centration.

Adenylate cyclase assay, In a final volume of 250 �l, assays

contained 0.1 mM [a-�PJATP (200 cpm/pmol), 2 mM [3H]cAMP (20

cpm/nmol), 10 mM creatine phosphate, 50 U/ml creatine phosphoki-

nasa, 1 mM B-mercaptoethanol, 5 mM theophylline, 0.01% bovine
serum albumin, 5 mM MgCl2, 200 �sM EGTA, 28 mM Tris-HC1 (pH
7.5), and 50-200 �sg pituitary membrane protein; CaC12, CaM, or cal-
midazolium were added as indicated. Ingredients were preincubated at
30C for 15 mm to facilitate equilibration between EGTA, CaM, Ca2�,
Me+, sad pH, and assays were initiated by the addition of membranes.
Assays were incubated for 10 mm at 30’C, and the reaction was stopped

by the addition of 750 jzl buffer containing final concentrations of 10

mM ATP, 5 mM EGTA, and 50 mM Tris-HC1 (pH 7.5) and heating at

100’C for 2 mm. Membranes were centrifuged for 10 mm at 4,000 X g,
and [32PJcAMP was purified from the supernatant by the method of

Salomon (26). Protein was measured by the Peterson method (27) using
bovine serum albumin as a standard. Unless stated otherwise, results

are expressed as the mean of triplicate determinations of adenylate

cyclase activity ± SD from a single representative experiment. Each
experiment was replicated at least once with similar results.

CaM preparation. CaM was partially purified from bovine cerebral
cortex as described by LaPorte et a!. (28). This CaM preparation was
purified to homogeneity using fluphenazine-Sepharose according to
Charbonneau (29). The pure CaM was dialyzed against 10 mM Tris-
HC1 (pH 7.5) containing 500 �sM EGTA and stored at -20’C. The CaM
concentration was calculated from the protein concentration of this

stock using MW = 16,800 for CaM (30). CaM prepared by this method
and a commercial CaM preparation (Calbiochem) elicited equivalent
activities when assayed with Bordetella pertussis adenylate cyclase as
in Ref. 31.

Calculation of free Ca’� concentrations. All free Ca2� concen-
trationa were calculated using a computer program (32) at an ionic

strength = 0.07, pH = 7.5, and assay temperature = 30*C. In the
absence of added calcium, the total [Ca21 contaminating the assays,

inclusive of membranes, was 27 �iM as determined using an atomic
absorption spectrophotometer with a graphite furnace. However, it was
not clear that this contaminating Ca2� was free and available to activate
CaM, especially because the membranes had been washed three times

with an EGTA-containing buffer. Because inclusion of the contami-

nating Ca2� level could lead to overestimation of the effective, free Ca2�
concentration, it was not included in our calculations of free Ca2�

levels.

CaM content of pituitary membranes. Fourteen anterior pitui-

taries were homogenized in 900 �il ofbuffer A containing 1 mM phenyl-

methylsulfonyl fluoride. Three 330-sl aliquots were taken for determi-

nation of CaM content in the whole homogenate, in the particulate

and supernatant fractions, and in washed membranes. One aliquot was

centrifuged at 12,000 x g for 20 mm in a microfuge to separate

supernatant from particulate fractions, and the pellet was resuspended

in 250 �l buffer A. A second aliquot was diluted with 14.7 ml buffer B,

processed as described above for preparation of anterior pituitary
membranes, and resuspended in 250 �sl buffer A. CaM was extracted

from each of the four samples by heating at 95’C for 4.5 mm and

centrifuging at 12,000 x g for 20 mm (33). The supernatants were saved

and combined with a 100-�ilwash ofeach respective pellet. After dialysis

against 10 mM Tris-HC1 (pH 7.5) containing 500 �tM EGTA, serial 10-

fold dilutions were assayed in duplicate in the presence of 200 �sM

EGTA/200 zM MnC12/0.05% Triton X-100 for their ability to activate

B. pertussis adenylate cyclase (31). ECa values (the dilution of extract

causing 50% of maximal activation) were determined from log-probit

plots, and the CaM content of each sample was calculated by compar-

ison of the ECa with the average ECa obtained from standard log-

probit plots using pure bovine brain CaM.

Results

Using 7 �iM CaM, adenylate cyclase activity responded bi-
phasically to CaCl2 addition (Fig. 1). Concentrations of free

Ca2� from 0.2-25 �sM stimulated the enzyme, whereas higher

concentrations inhibited the activity. At Ca2� concentrations

below 1 �tM, the adenylate cyclase activity measured in the
presence of CaM did not exceed the basal activity measured in

the absence of Ca2�. Hence, most of the CaM stimulation in

this region may be caused by prevention of Ca2� inhibition of

basal adenylate cyclase activity mediated by the Ca2� chelating

action of CaM. However, it seems more likely that this stimu-
lation may be caused by direct CaM activation of the enzyme

because the CaM antagonist, calmidazolium, completely inhib-

ited stimulation of adenylate cyclase by 2 �sM CaM down to

basal activity measured in the presence of 25 tiM free Ca2’ (see
below and Fig. 3). At free Ca2� concentrations between 1-25

�tM, CaM stimulated the adenylate cyclase activity above the

basal activity measured in the absence of Ca2�. Because the

Ca2� levels in the resting and stimulated cell are estimated to
be 0.1 and 10 sM, respectively, it appears that CaM activation

ofpituitary adenylate cyclase can occur in a physiological range

of Ca2�. In the absence of CaM, Ca2� caused only inhibition of

basal adenylate cyclase activity. Therefore, it appears that the

remaining endogenous CaM that was not eliminated by our

wash procedure was not sufficient for activating the enzyme.

Hence, CaM activation of pituitary adenylate cyclase is de-
pendent on both added CaM and Ca2�.

Measurement of endogenous CaM levels in the membranes

before and after washing indicated that CaM had been lowered

from 1.22 zg/mg protein to 0.33 �sg/mg protein (Table 1). Using
this latter value, the concentration of endogenous CaM con-
tributed to the adenylate cyclase assay by the washed mem-

branes is calculated to be � 16 nM, approximately 10-fold below
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the KA’ established for CaM activation of brain adenylate

cyclase. Therefore, it appeared that our wash procedure suffi-

ciently lowered endogenous CaM levels such that the full re-

sponse of adenylate cyclase to CaM activation could be ob-

served, assuming that the pituitary enzyme displayed a similar
KA’ for CaM activation as that of brain adenylate cyclase.

However, pituitary adenylate cyclase exhibited only minimal
CaM stimulation in the 100-nM range (Fig. 2). Using the
optimal Ca2� conditions determined in Fig. 1, increasing CaM

concentrations caused a dose-dependent activation of the en-

zyme up to 25 MM CaM, whereas higher concentrations caused
apparent inhibition. The apparent inhibition by high CaM

concentrations was eliminated when higher Ca2� concentra-

tions were used (Fig. 2, dashed line), suggesting that the “in-

hibition” was caused by depletion of Ca2� caused by high CaM

levels. Hence, the results of Fig. 2 indicate that micromolar

CaM levels are required to activate pituitary adenylate cyclase.

sponsiveness of adenylate cyclase to stimulatory and inhibitory

agonists, the ability of both CaM and forskolin to activate

adenylate cyclase, and the ability of somatostatin to inhibit the

forskolin-stimulated enzyme, were examined at each stage of

the washing procedure (Table 2). Although some protein is lost

during the wash procedure (Table 1), no significant differences

in the adenylate cyclase activities measured in the presence of

GTP, CaM, forskolin, or forskolin plus somatostatin were

observed throughout all three wash steps. Because the adeny-

late cyclase activities measured in the presence of somatostatin

were not significantly different from those activities containing

only forskolin and GTP, we cannot evaluate the effect of

washing on the ability of somatostatin to inhibit adenylate

cyclase. However, the slight decrement in activity in the pres-

ence of somatostatin (approximately 13%) was consistent be-

tween washes. Although activities varied between experiments,

within each experiment the percentage of stimulation of aden-

ylate cyclase by forskolin or by CaM was very reproducible

(Table 2). These results indicate that washing the membranes

had no detrimental effect on the ability of these agents to
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stimulate adenylate cyclase.
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Fig. 1. CaM activation of pituitary adenylate cyclase is Ca2� dependent.
Pituitary membranes were assayed for adenylate cyclase activity in the
presence of the indicated free Ca2� concentrations and in the absence
(#{149})or presence (0) of 7 �M CaM. Where error bars are not shown, the
SD lie within the symbol.

TABLE 1
CaM content of anterior pituitary lobe fractions and washed
membranes

Fraction Tots CaM mntent
Tots mg of

protein m
extract (mg �oteU�)

Whole homogenate

�L9

6.13 ± 0.1gb 5.04 ± 0.32 1 .22 ± 0.07
Supematant 4.32 ± 0.48 2.29 ± 0.07 1 .89 ± 0.19
Particulate 1 .13 ± 0.19 1 .96 ± 0.20 0.57 ± 0.07
Washed mem- 0.284 ± 0.098 0.86 ± 0.06 0.33 ± 0.10

branes

a Protein content was measured in each fraction directly before heating.
a Results are the mean values ± SD from three separate experiments.
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Fig. 2. CaM dose-dependently activates pituitary adenylate cyclase.
Membranes were assayed for adenylate cyclase activity using optimal
Ca2� conditions determined in Fig. 1 (25 �M free Ca2�) in the presence
of increasing concentrations of CaM (U). Basal activity (1 26 pmol CAMP/
10 mm-mg protein) was substracted from each point. To demonstrate
that the apparent inhibition of adenylate cyclase activity observed at high
CaM concentrations was caused by insufficient Ca2�, CaCI2 concentra-
tions yielding optimal CaM-stimulated adenylate cyclase activity were
determined as in Fig. 1 for 25 and 50 �M CaM. CaM-stimulated adenylate
cyclase activity was then determined at the respective optimal CaCl2
concentrations by taking the difference between the total activity and
basal activity, measured in the presence and absence of CaM, respec-
tively (0). SD of total adenylate cyclase activities were within 8% of each
mean value.

From these results it is also clear that the CaM dose-response

was not complete up to 50 �M CaM. Therefore, in the absence

of other endogenous factors that might increase the affinity for

CaM, the pituitary adenylate cyclase appears to be at least 50-
fold less sensitive to CaM than is brain adenylate cyclase.

To determine whether the wash procedure altered the re-
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TABLE 2

Effect of washing on the responsiveness of particulate adenylate cyclase to stimulatory and inhibftory agents

M�th� kassay
M�ecycIase acthAty Percentage of sbmu�abon � thbi�on (-)

P1 P2 P3 P1 P2 P3

c.4MP/1Omin-rr�rAsin

GTP
GTP+forskolin
GTP + forskolin + somatostatin
CaCI2
CaCl�+CaM

554±76
2467±300
2180 ± 197

185 ± 53
405±112

563±16
2475±163
2148 ± 69

170 ± (6)
338±69

522±24 1
2210±245 �
1943 ± (132)1

136 ± 58
326±126 5

450±22

-15 ± 4

219±2

442±25

-13 ± 4

215±(23)

423±25

-14 ± (4)

245±30

a Pituitary membranes were prepared as described in Materials and Methods and assayed at each stage of washing for stimulation of adenylate cyclase activity by
GTP (10 ,ii�). forskolin (30 ia.,), and CaM (10 � and for inhibition of adenylate cydase activity by somatostatin (1 NM). Where present, assays contained 25 � free
Ca2�. P1 represents the pelet obtaW*d by centrifugation of the first homogenate (crude membranes), P2 represents the pellet Obtained from the first wash, and P3
represents the pellet obtained from the second wash. Values are averages from 2-4 experiments ± SD. Where an average was obtained from only two experiments,
the range of the averages is given m parenthesis. None of the adenylate cyclase activities resulting from a particular drug addition were significantly different between
P1-PS when analyzed by Students t test using 90% confidence limits. Within each wash, adenylate cyclase activities measured in the presence of forskolin and GTP
and in the absence � presence of somatostatin were not significantly different when analyzed as above using the Student’s t test.

Compounds such as calmidazolium, the sulfonamide deriva-

tive W-7, and phenothiazines are thought to bind CaM and

thereby antagonize CaM activation of enzymes. However, these
compounds are not entirely specific for CaM because they also
inhibit protein kinase-C and perturb membranes (1). Calmi-

dazolium appears to be the most selective because it is the most

potent antagonist of CaM activation of phosphodiesterase (34,
35) and Ca2� ATP’ase (35). Calmidazolium caused a dose-

dependent inhibition of CaM activation of pituitary adenylate

cyclase (Fig. 3). Using 2 �tM CaM, the IC� (concentration of
drug needed to inhibit 50% of the CaM-stimulated activity)

100C

0 80

�; 60

.� 40

0

� 20

0

- Log [calmidazolium]

Fig. 3. Calmidazolium inhibits CaM activation of pituitary adenylate
cyclase. Membranes were assayed for adenylate cyclase activity using
optimal Ca2� conditions determined in Fig. 1 (25 �M free Ca2�) in the
presence of increasing concentrations of calmidazolium, and in the
absence (basal) or presence of 2 �M (U), 5 zM (X), and 10 �LM (0) CaM.
The percentage of maximal stimulation was derived by dividing the CaM-
stimulated adenylate cydase activity measured in the presence of cal-
midazolium by the CaM-stimulated adenylate cyclase activity, measured
in the absence of thig, and multiplying by 100. Each CaM-stimulated
adenylate cyclase activity was obtained by subtracting the basal adeny-
late cyclase activity, measured at a respective calmidazolium concentra-
ton, from the total adenylate cyclase activity measured in the presence
of CaM. The basal activities, in pmol cAMP/i 0 mm-mg protein, were 151
± 6, 156 ± 0, 1 52 ± 6, 142 ± 4, 1 49 ± 4, and 128 ± 4 at calmidazolium
concentrations of 0, 1 , 2, 4, 10, and 20 �M, respectively. SD of total
adenylate cyclase activities were within 5% of each mean value.

was 3.3 ± 1.8 �tM (N 4). The IC� values were shifted to

higher concentrations as the CaM concentration was increased,

suggesting that the antagonist was acting competitively with

CaM. Complete inhibition of the CaM-stimulated adenylate
cyclase activity was not obtainable when higher CaM concen-

trations were used because calmidazolium concentrations above

20 �tM inhibited the basal adenylate cyclase activity.

Throughout these experiments, basal adenylate cyclase activ-

ity has varied usually between 150-250 pmol cAMP/lO mm-

mg protein. Because the anterior pituitary is highly vascular-

ized, it is possible that contaminating protease activity was

responsible for this variation. We are currently investigating

this possibility. We have also observed that freezing decreased

CaM-stimulated adenylate cyclase activity in washed mem-

branes, whereas basal activity, measured in the presence of

Ca2�, was minimally affected. In pmoles cAMP/lO mm-mg

protein, CaM-sensitive adenylate cyclase activities were 301 ±

57 for fresh versus 70 ± 43 for thawed membranes measured in

the presence of 25 �tM CaM, and basal activities were 64 ± 4

for fresh versus 49 ± 29 for thawed membranes (N = 3)

measured in the absence of CaM. This suggests that the factor

mediating CaM stimulation of pituitary adenylate cyclase is

sensitive to freezing.

Discussion

We report here that micromolar concentrations of CaM can
activate anterior pituitary adenylate cyclase and that this ac-

tivation appears to be specific by several criteria. Calcium is

required for CaM activation (Fig. 1), and the observed biphasic

response to Ca2� also occurs with the CaM-sensitive adenylate

cyclase from bovine brain (15) and from B. pertussis (31). These

results are consistent with observations of Schettini et al. (24,

25), who found that Ca24 was required for maximal activation

of adenylate cyclase activity using micromolar CaM levels and

normal rat anterior pituitary membranes. Because Ca24-de-

pendent CaM stimulation occurs in the same range of Ca2�

found in the resting and stimulated cell (0.1-10 �zM, respec-

tively), it seems possible that CaM may cause activation of

adenylate cyclase in vivo.

Using GH3 pituitary tumor cell membranes, Brostrom et al.
(23) reported that basal adenylate cyclase activity responded

biphasically to Ca2�, even after extensive washing of the mem-

branes with EGTA. It was suggested that endogenous CaM was

responsible for the Ca2� activation and that CaM may be an
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integral and nondissociable component of the enzyme. Using

normal rat anterior pituitary membranes, Schettini et a!. (24,

25) similarly observed that adenylate cyclase activity responded

biphasically to CaCl2 addition. However, these membranes had

not been extensively washed to remove endogenous CaM. In

contrast, addition of Ca2� to washed, normal anterior pituitary

membranes caused only inhibition of basal adenylate cyclase

activity (Fig. 1). This lack of responsiveness to added Ca2�

cannot be attributed to damaged adenylate cyclase caused by

the wash procedure because activation of the enzyme by added

GTP, forskolin, and CaM remained unchanged throughout this

treatment (Table 2). It seems more likely that endogenous CaM
mediated the Ca2� activation of adenylate cyclase reported by

others, and that our washing procedure lowers endogenous CaM

levels such that stimulation of the enzyme by added Ca2� alone

no longer occurs. Based on these results, CaM does not appear
to be a nondissociable component of normal pituitary adenylate

cyclase. Furthermore, comparison of the CaM content between

washed and unwashed pituitary membranes revealed that en-

dogenous CaM levels could be reduced approximately 50%,

such that they contributed � 16 nM CaM to each assay. Using

similar extraction procedures, endogenous CaM was evenly

distributed between the particulate and cytosol in GH3 cells
(23), whereas the distribution in normal anterior pituitary

tissue was approximately 75-80% cytosolic and 20-25% partic-

ulate (Table 1). This suggests that GH3 pituitary tumor cell

membranes may have a greater affinity for CaM than do normal

anterior pituitary membranes. These observations may repre-

sent important differences between normal anterior pituitary

and GH3 pituitary tumor cells, especially if CaM partially
modulates hormone release (8, 11).

Calmidazolium inhibited stimulation of anterior pituitary

adenylate cyclase by 2 �M CaM with an apparent IC� = 3.3

�tM. This antagonist inhibited CaM activation of partially pu-

rifled phosphodiesterase with an IC� ranging from 0.005-0.150

sM (35, 36); higher concentrations of calmidazolium were re-

quired at higher CaM concentrations (range 2-30 nM). This

compound was less potent at inhibiting a crude particulate
preparation of CaM-sensitive Ca2� ATP’ase (IC� = 0.15-0.35

MM), possibly because of nonspecific membrane interactions

(35). Because both a crude membrane preparation and high

CaM concentrations (�2 jAM) were used in our experiments, it

is reasonable to expect a higher apparent IC� value than was

observed with these other enzymes.

Together, the above data are consistent with the idea that

activation ofpituitary adenylate cyclase is specifically mediated

by CaM. However, it is clear from Fig. 2 that the CaM dose-

response could not be completed even at 50 �sM CaM. In
contrast with the particulate brain adenylate cyclase, where the

KA’ ranges from 100-200 nM CaM (14, 15), the KA’ for pituitary

adenylate cyclase appears to be greater than 5 �sM CaM. Al-

though we have not measured intracellular CaM levels, it is

interesting to note that estimates of CaM concentrations in

different cell types range from 1-20 �M (37). It seems possible

that the CaM concentration in the microenvironment of the
membrane-bound adenylate cyclase may be even higher than

these estimates, because CaM has been shown to selectively

distribute between the membrane and cytosol in response to

extracellular hormones and transmitters (38, 39). Therefore, it
appears plausible that activation of adenylate cyclase by the

micromolar CaM levels shown here may also occur in vivo,

although saturation of this effect probably would not occur

because of the high CaM levels required.

References

1. Manalan, A. S., and C. B. Klee. Calmodulin. Adv. Cyclic Nucleotide Res.
18:227-278 (1984).

2. Berridge, M. J. Cellular control through interactions between cyclic nucleo-

tides and calcium. Adu. Cyclic Nucleotide Res. 17:329-335 (1984).

3. Cronin, M. J., G. A. Myers, R. M. MacLeod, and E. L. Hewlett. Pertussis
toxin actions on the pituitary-derived 235-1 clone: effects of PGE,, cholera
toxin, and forskolin on cyclic AMP metabolism and prolactin release. J.
Cyclic Nucleotide Res. 9:245-258 (1983).

4. Enjalbert, A., S. Arancibia, M. Ruberg, M. Priam, M. T. Bluet-Pajot, W. H.
Rotsztejn, and C. Kordon. Stimulation of in vitro prolactin release by vase-
active intestinal peptide. Neuroendocrinology 31:200-204 (1980).

5. Enjalbert, A., and J. Bockaert. Pharmacological characterization of the D-2

dopamine receptor negatively coupled with adenylate cyclase in rat anterior
pituitary. MoL Pharmo.coL 23:576-584 (1983).

6. Swennen, L., and C. Denef. Physiological concentrations of dopamine de-
crease adenosine 3’ -5’ -monophosphate levels in cultured rat anterior pitul-

tary cells and enriched populations of lactotrophs: evidence for a causal
relationship to inhibition of prolactin release. Endocrinology 111:398-405

(1982).

7. Brazeau, P., N. Ling, F. Esch, P. Bohlen, C. Mougin, and R. Guillemin.
Somatocrinin (growth hormone releasing factor) in vitro bioactivity; Ca’�

involvement, cAMP mediated action, and additivity of effect with PGE�.

Biochem. Biophys. Res. Commun. 109:588-594 (1982).
8. Schettini, G., M. J. Cronin, E. L. Hewlett, M. 0. Thorner, and R. M.

MacLeod. Human pancreatic tumor growth hormone-releasing factor stim-
ulates anterior pituitary adenylate cyclase activity, adenosine 3’,S’ -mono-

phosphate accumulation, and growth hormone release in a calmodulin-de-

pendent manner. Endocrinology 115:1308-1314 (1984).
9. Cronin, M. J., A. D. Rogol, G. A. Myers, and E. L. Hewlett. Pertussis toxin

blocks the somatostatin-induced inhibition of growth hormone release and
adenosine 3’,5’-monophosphate accumulation. Endocrinology 113:209-215

(1983).

10. Thorner, M. 0., J. T. Hackett, F. Murad, and R. M. MacLeod. Calcium rather

than cyclic AMP as the physiological intracellular regulator of prolactin
release. Neuroendocrinology 31:390-402 (1980).

1 1. Schettini, G., M. J. Cronin, and R. M. MacLeod. Adenosine 3’ ,5’-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).

12. Brostrom, C. 0., Y-C. Huang, B. M. Breckenridge, and D. J. Wolff. Identifi-

cation of a calcium-binding protein as a calcium-dependent regulator of brain
adenylate cyclase. Proc. NatL Aced. Sci. U. S. A. 72:64-68 (1975).

13. Cheung, W. Y., L. S. Bradham, T. J. Lynch, Y. M. Lin, and E. A. Tallant.
Protein activator of cyclic 3’:5’ -nucleotide phosphodiesterase of bovine or
rat brain also activates its adenylate cyclase. Biochem. Biophys. Res. Commun.
66:1055-1062 (1975).

14. Gnegy, M. E., and S. Bagley. Effect of guanyl nucleotides on calmodulin
stimulation of adenylate cyclase activity in rat striatum, in Dynamics of

Neurotransmitter Function (I. Hanin, ed). Raven Press, New York, 237-243
(1984).

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. BalL Chem. 252:5677-5685 (1977).

16. Andreasen, T. J., W. Heideman, G. B. Rosenberg, and D. R. Storm. Photo-
affinity labeling of brain adenylate cyclase preparations with azido[12�I]

iodocalmodulin. Biochemistry 22:2757-2762 (1983).

17. Coussen, F., J. Haiech, J. D’Alayer, and A. Monneron. Identification of the

catalytic subunit of brain adenylate cyclase: a calmodulin binding protein of
135 kDa. Proc. NatL Aced. Sci. U. S. A. 82:6736-6740 (1985).

18. MacNeil, S., T. Lakey, and S. Tomlinson. Calmodulin regulation of adenylate

cyclase activity. Cell Calcium 0:213-226 (1985).
19. Treisman, G. J., N. Muirhead, L. Iwaniec, and M. E. Gnegy. Inhibition of a

low Km GTP�1S� activity in rat striatum by calmodulin. J. Neurochem.
44:518-525 (1985).

20. Valverde, I., A. Vandermeers, R. Anjaneyulu, and W. J. Malaisse. Calmodulin

activation of adenylate cyclase in pancreatic islets. Science 206:225-227
(1979).

21. LeDonne, N. C., Jr. and C. J. Coffee. Evidence for calmodulin sensitive

adenylate cyclase in bovine adrenal medulla. Ann. N. Y. Acad. Sci. 356:402-
403 (1980).

22. Piascik, M. T., M. Babich, and M. E. Rush. Calmodulin stimulation and

calcium regulation ofsmooth muscle adenylate cyclase activity. J. BiOL Chem.
258:10913-10918(1983).

23. Brostrom, M. A., L. A. Brotman, and C. 0. Brostrom. Calcium-dependent

adenylate cyclase of pituitary tumor cells. Biochim. Biophys. Acta 721:227-
235 (1982).

24. Schettini, G., M. J. Cronin, and R. M. MacLeod. Calmodulin regulation of

prolactin secretion and cyclic AMP metabolism in the anterior pituitary, in

 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/


748 Greenlee and Okada

Neuromodulation and Brain Function-Proceedings ofthe BiannualCapo Boi

Conference (G. Biggio, P. F. Spano, G. Toffano, and G. L. Gessa, eds.).
Pergamon Press, New York, 281-292 (1983).

25. Schettini, G., E. L. Hewlett, M. J. Cronin, K. Koike, T. Yasumoto, and
R. M. MacLeod. Dopaminergic inhibition of anterior pituitary adenylate

cyclase activity and prolactin release: the effects of perturbing calcium on
catalytic adenylate cyclase activity. Neuroendocrirzology 44:1-7 (1986).

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

27. Peterson, G. L. A simplification of the protein assay method of Lowry et a!

which is more generally applicable. Anal. Biochem. 83:346-356 (1977).

28. LaPorte, D. C., W. A. Toscano, Jr., and D. R. Storm. Cross-linking of iodine-
125-labeled, calcium-dependent regulatory protein to the Ca’�-sensitive phos-

phodiesterase purified from bovine heart. Biochemistry 18:2820-2825 (1979).
29. Charbonneau, H., R. Hice, R. C. Hart, and M. J. Cormier. Purification of

calmodulin by Ca’�-dependent affinity chromatography. Methods EnzymoL

102:17-39 (1983).

30. Brostrom, C. 0., and D. J. Wolff. Properties and functions of calmodulin.

Biochem. Pharmo.coL 30:1395-1405 (1981).
31. Greenlee, D. V., T. J. Andreasen, and D. R. Storm. Calcium-independent

stimulation of Bordetella pertussis adenylate cyclase by calmodulin. Biochem-

istry 21:2759-2764 (1982).

32. Robertson, S., and J. D. Potter. The regulation of free Ca2� ion concentration
by metal chelators. Methods Pharmacol. 5:63-75 (1984).

33. Wallace, R. W., E. A. Tallant, and W. Y. Cheung. Assay of calmodulin by

Ca2�-dependent phosphodiesterase. Methods EnzymoL 102:39-47 (1983).
34. Van Belle H. The effect of drugs on calmodulin and its interaction with

phosphodiesterase. Adv. Cyclic Nucleotide Protein Phosphorylation Res.
17:557-567 (1984).

35. Van Belle, H. R 24 571: a potent inhibitor of calmodulin-activated enzymes.
Cell Calcium 2:483-494 (1981).

36. Gietzen, K. Comparison of the calmodulin antagonists compound 48/80 and

calmidazolium. Biochem. J. 216:611-616 (1983).

37. Dedman, J. R., M. J. Welsh, and A. R. Means. Ca2�-dependent regulator. J.
BiOL Chem. 253:7515-7521 (1978).

38. Hanbauer, I., J. Gimble, and W. Lovenberg. Changes in soluble calmodulin
following activation of dopamine receptors in rat striatal slices. Neurophar-
macology 18:851-857 (1979).

39. Conn, P. M., J. G. Chafouleas, D. Rogers, and A. R. Means. Gonadotropin
releasing hormone stimulates calmodulin redistribution in rat pituitary.
Nature (Land) 292:264-265 (1981).

Send reprint requests to: Donald V. Greenlee, Ph.D., Basic Science Depart-
ment, College of Osteopathic Medicine, Ohio University, Athens, OH 45701.

 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/



