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SUMMARY

Post-transcriptional protein synthesis by GH; cloned pituitary
cells, which secrete prolactin and growth hormone, is dependent
on Ca?*. The effects of antagonists of prolactin secretion were
examined on overall protein synthesis in GH; cells as a function
of cellular Ca?* depletion and restoration at varying concentra-
tions of extracellular Ca®*. Leucine incorporation by Ca®*-de-
pleted cells during short incubations was reduced by 80-90%.
Trifluoperazine at micromolar concentrations inhibited leucine
incorporation in a Ca®*-dependent manner. The extent of inhibi-
tion varied with extracellular Ca* concentration and was fully
reversed at higher Ca?* concentrations. Similar patterns of inhi-
bition of leucine incorporation were observed with nifedipine,
verapamil, calmidazolium, chlorpromazine, bromocriptine, ergot-

amine, and the (+)- and (—)-isomers of butaclamol, but dopamine,
apomorphine, and chlorpromazine sulfoxide were not inhibitory.
Muscarinic agonists decreased incorporation in a
Ca®*-dependent manner, but lesser degrees of inhibition were
obtained. Inhibitions were observed for a broad spectrum of
polypeptide species, could not be explained by effects on Mg?*
availability or amino acid uptake, and were rapidly and fully
reversed by Ca?*. Production of prolactin and growth hormone
was decreased by secretory inhibitors to the same extent and
with the same Ca** concentration dependence as was observed
for inhibition of amino acid incorporation. It is proposed that
these substances inhibit protein synthesis in GHs cells through
alterations in intraceliular Ca®* metabolism rather than through
mechanisms mediated by calmodulin or dopamine receptors.

Many neurotransmitters, hormones, and other biologically
active substances exert their actions by altering the free intra-
cellular concentration of Ca®*, by mobilizing internally seques-
tered Ca?*, and/or by stimulating plasmalemmal transport of
the cation. Changes in free intracellular Ca?* concentration,
through interaction with cellular receptor proteins such as
calmodulin, affect a wide range of cellular processes including
glycogenolysis, muscle contraction, cell motility, and secretion.

GH; cloned pituitary tumor cells, like cells of the normal
anterior pituitary, produce action potentials dependent in large
part upon Ca®* influx (1, 2) and produce prolactin and growth
hormone (3). Transcription of messenger RNA for prolactin in
these cells is regulated by Ca®* (4). TRH increases both the
rate of prolactin secretion and the frequency of action potential
generation resulting in increased entry of Ca®* from the extra-
cellular fluid. This secretagogue also mobilizes Ca* from intra-
cellular storage sites (5). Depolarization by high extracellular
K* results in increased CaZ* uptake through voltage-dependent

This work was supported by United States Public Health Service Grant
AM35393 and by a grant from the Foundation of the University of Medicine and
Dentistry of New Jersey.

Ca?* channels (6) and in stimulation of prolactin release (7).
Both TRH and high K*-stimulated prolactin secretion are
inhibited by reduction in extracellular Ca?* and by the Ca**
channel blockers, verapamil, nifedipine, and Co?*. Verapamil
also decreases the rate of prolactin release and the rate of rise
of the action potential in nonstimulated cells (8).

Certain neurotransmitters are recognized to function as in-
hibitors of prolactin secretion. Anterior pituitary cells possess
a high affinity, saturable, and stereoselective dopaminergic
binding site, and the potencies of dopaminergic agonists to
suppress hormone secretion correlate well with their binding
affinities for this receptor (9). GH; cells, however, neither
respond to low (nM) concentrations of dopamine agonists (10)
nor have high affinity dopamine receptors (11). Conversely,
GHj cells resemble normal pituitary cells in that they possess
a lower affinity binding site for dopaminergic ligands that lacks
the stereospecificity and characteristic selectivity of dopami-
nergic receptors (9, 12, 13). Higher concentrations (uM) of
dopamine agonists and of dopamine antagonists suppress pro-
lactin secretion by both cell types (10), possibly through an
action at the low affinity receptor site and/or through antago-
nism of calmodulin-dependent processes. Binding studies have

ABBREVIATIONS: TRH, thyrotropin-releasing hormone; MEM, modified Eagle’s medium; EGTA, ethylene glycol bis(8-aminoethyl ether)N,N,N’,N’-

tetraacetic acid; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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also revealed sites specific for muscarinic agonists in anterior
pituitary cells (14). Cholinergic agonists have been reported to
decrease prolactin secretion in intact pituitary (15), dispersed
anterior pituitary cells (16), and GH; cells (16, 17). That
dopamine agonists and antagonists and cholinergic agonists
also act to regulate the synthesis of prolactin remains to be
determined.

The mechanism(s) through which these agents influence the
rate of hormonal secretion or other pituitary functions is not
established, although decreases in cAMP have been suggested
to mediate the actions of both cholinergic (17) and dopami-
nergic (18) agonists. It is equally likely, however, that altera-
tions in calcium pools are involved in the mechanism through
which these neurotransmitter substances act. It is known, for
example, that the dopamine antagonist, trifluoperazine, at high
concentrations decreases depolarization-induced Ca?* uptake
in rat pituitary tissue (19) and blocks Ca®*-dependent action
potentials in GH; cells (20).

A fruitful approach for examining the effects of Ca®* on cell
function and hormonal responsiveness involves the comparison
of Ca’*-depleted and Ca®*-restored viable cell preparations. It
was recently reported that protein synthesis in a wide variety
of established tumor cell lines as well as in normal dispersed
chicken embryo cells and rat liver cells is reduced markedly
(80-90%) by Ca®* depletion (21). Repletion with Ca?* but not
other physiologically occurring cations restored full activity.
The effects of Ca®* on stimulation of amino acid incorporation
were not traceable to alterations in cAMP metabolism, amino
acid uptake, protein catabolism, cell ATP or GTP content, or
aminoacylation of tRNA. A Ca®* requirement at the transla-
tional step was proposed. In GH; cells, agents that increase
cytosolic free Ca?* concentrations were observed to enhance
incorporation of amino acids into protein (22). Protein synthe-
sis appears, therefore, to be highly sensitive to changes in
intracellular Ca?* concentrations.

The present study was undertaken to determine whether
various inhibitors of prolactin secretion alter the Ca?* require-
ment for protein synthesis in GH; cells. These substances were
found to decrease amino acid incorporation in a manner de-
pendent on the concentration of extracellular Ca®*. It is pro-
posed that these agents exert effects to reduce the availability
of Ca®* at key regulatory sites within the cell. Evidence is
provided in this report and in the accompanying paper (23)
that several of these inhibitors act to prevent Ca?* uptake
through the voltage-dependent Ca?* channel.

Experimental Procedures

Materials. Ham’s F-10 medium, Joklik’s MEM, fetal bovine serum,
and horse serum were purchased from Grand Island Biological Co.
(Grand Island, NY). (+)- and (—)-butaclamol hydrochloride were pur-
chased from Research Biochemicals Inc. (Wayland, MA). Trifluopera-
zine dihydrochloride was provided by Smith, Kline and French Labo-
ratories (Philadelphia, PA), and chlorpromazine sulfoxide was provided
by Dr. A. Manian (National Institute of Mental Health, Bethesda,
MD). Reagents for growth hormone and prolactin radioimmunoassay
were provided by the National Institute of Arthritis, Metabolism, and
Digestive Diseases Hormone Distribution Program, and IgGSorb was
obtained from the Enzyme Center (Boston, MA). L-[**S]Methionine
(1070 Ci/mmol) and L-[4,5-*H]leucine (58 Ci/mmol) were purchased
from International Chemical and Nuclear Corp. (Cleveland, OH). ['*I]
Prolactin (46 uCi/ug) was obtained from New England Nuclear (Bos-
ton, MA). Molecular mass markers for polyacrylamide gel electropho-

resis were purchased from Pharmacia Fine Chemicals (Piscataway, NJ)
and EGTA was purchased from Fisher Scientific Co. (Pittsburgh, PA).
All other reagents and drugs were obtained from Sigma Chemical Co.
(St. Louis, MO).

Cell culture and harvesting of GH; cells. The GH; strain of rat
pituitary tumor cells was obtained from the American Type Culture
Collection and was maintained in monolayer culture as described
previously (3). Experimental cultures were grown at 37° in glass roller
bottles in Ham’s F-10 medium supplemented with 12.5% horse serum
and 5% fetal calf serum as previously detailed (22). Cells were detached
from growth surfaces with a plastic scraper. The cell suspension was
centrifuged for 5 min at 600 X g at room temperature and the super-
natant fluid was discarded. Ca®*-depleted cells were prepared by resus-
pending the cell pellet in 50 ml of Joklik’s low Ca®* MEM containing
1 mM EGTA and 25 mM Hepes (pH 7.4) followed by recentrifugation
of the cell suspension for 5 min at 600 X g. The resuspension and
centrifugation steps were then repeated, and the final cell pellet was
resuspended in buffered Joklik’s MEM containing 1 mM EGTA and 1
mg/ml of fatty acid-free bovine albumin to a final cell protein content
of 0.1-0.3 mg/ml. Ca®*-restored cells were prepared by adding CaCl, to
a portion of the depleted cells. Ca?*-depleted cells exposed to 1.5 mM
extracellular CaCl; were observed to contain 5- to 7-fold more Ca?*
than did Ca?*-depleted cells exposed to EGTA (24). Viability of cell
preparations was determined by dye uptake studies and replating
procedures as described previously (25). By these criteria, cells were
routinely 90-95% viable.

Determination of amino acid incorporation. The incorporation
of radioactive amino acid into trichloroacetic acid-precipitable, alkali-
stable material was considered to represent incorporation into protein.
Aliquots (0.5 ml) of Ca**-depleted cell preparations were pretreated at
37° in glass vials with or without Ca®* and drugs or other additives for
20 min. Most drugs were prepared in buffered saline and added in 10-
ul volumes to vials. Bromocriptine, ergotamine, and nifedipine were
dissolved in dimethyl sulfoxide and were either added directly to vials
in 2-ul volumes or diluted in buffered saline prior to addition. The
addition of equivalent concentrations of dimethyl sulfoxide without
drug did not affect either amino acid incorporation or hormone pro-
duction. Unless otherwise specified, incubations were conducted in
triplicate with 10° cpm of [*H]leucine for 90 min at 37°. Incorporation
of label into trichloroacetic acid-insoluble material was determined as
described previously (21). Values for replicate samples were routinely
within 5% of each other. Standard errors are indicated for the data
provided in tabular form. Values for data presented in figures were
averaged without further statistical analysis.

Determination of amino acid uptake. Aliquots (3 ml) of Ca?*-
depleted cell preparations were preincubated at 37° for 20 min with
additives. [*H]Leucine (5 X 10° cpm/ml) was then added. At various
times 300-ul aliquots were withdrawn in duplicate, added to 1.5-ml
polypropylene tubes containing 500 ul of dinonyl phthalate/silicon oil
(1:1, v/v) layered over 200 ul of 10% trichloroacetic acid, and centri-
fuged for 30 sec in a Beckman Microfuge. The top two layers were
carefully removed and a 100-ul aliquot of the lower phase was with-
drawn for analysis of trichloroacetic acid-soluble radioactivity. The
remaining liquid was then aspirated and the tip of the tube containing
the protein precipitate was cut off with a razor blade and placed in a
glass vial. The pellet was solubilized by addition of formic acid and
aliquots were analyzed for trichloroacetic acid-insoluble radioactivity.
To assess the contribution of extracellular [*H]leucine, unlabeled leu-
cine (5 mM) was added to additional samples which were immediately
centrifuged through oil into trichloroacetic acid. Values obtained con-
stituted the blanks and were subtracted from experimental values.

Measurement of growth hormone and prolactin production.
The increase in total hormone content of cell suspensions (cells with
extracellular medium) over a defined incubation period was considered
to be a measure of growth hormone or prolactin production since
hormone is stable in culture medium (26) and is not degraded within
cells to a significant extent (27). Cell suspensions (0.5 ml) in plastic

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet

tubes were disrupted by the addition of 0.5 ml of ice-cold distilled water
followed by sonic irradiation for 15 sec. Lysates were immediately
frozen. Growth hormone was iodinated and prolactin and growth hor-
mone concentrations were measured by radioimmunoassay using pro-
cedures recommended by the National Institute of Arthritis, Metabo-
lism, and Digestive Diseases. Antigen-antibody complex was precipi-
tated with a 1:5 suspension of formalin-fixed Staphylococcus aureus
(IgGSorb). For each experimental value, triplicate biological samples
were prepared, and each was assayed for hormone content in duplicate.
Miscellaneous procedures. Calcium solutions were standardized
by atomic absorption spectrophotometry. Protein determinations were
conducted by the method of Sedmak and Grossberg (28) using bovine
serum albumin as standard. Polyacrylamide gel electrophoresis was
conducted using 12.5% acrylamide gels as described by Laemmli (29).

Results

Effect of Ca®** and various modifiers of prolactin se-
cretion on GH; cell amino acid incorporation. In previous
work (22) the rates of both prolactin production and overall
protein synthesis in GH; cells were found to be comparably
dependent on the concentration of extracellular Ca®>* and to be
similarly affected by various stimulators of prolactin produc-
tion, including TRH and phorbol myristate acetate. In the
present study, a series of inhibitors of GH; prolactin and growth
hormone production, although of widely varying pharmacologic
classification, was found to inhibit protein synthesis in an
apparently similar manner. The incorporation of [*H]leucine
into protein for cells incubated in Joklik’s MEM adjusted to 1
mM EGTA was highly sensitive to the addition of extracellular
Ca®* (Fig. 1). Rates of incorporation increased in a graded
fashion as a function of increasing extracellular Ca?* concen-
tration to a maximal 10-fold stimulation at 1 mM added cation.
Although the incubation conditions were somewhat different
from those in the previous study (22), the results of control
incubations are qualitatively and quantitatively similar.

Various agents known to interact with dopamine receptors
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Fig. 1. Effect of trifluoperazine on the Ca®* concentration dependence
of leucine incorporation by GHs cells. Ca®*-Depleted cells were sus-
pended in Joklik's MEM containing 25 mm Hepes, pH 7.4, 1 mm EGTA,
and 1 mg/ml of fatty acid free-bovine serum albumin. Cell suspensions
were pretreated for 20 min at 37° with the indicated concentrations of
added CaCl, with no addition (@), 1 um trifluoperazine (O), 3 um trifluo-
perazine (A), or 10 um trifluoperazine (A). [*H]Leucine (10 cpm/0.5 mi
of cell suspension) was added, and incorporation of radioactivity into
trichloroacetic acid-precipitable protein was determined after 90 min of
incubation. Results of one experiment are presented. Findings have been
reproduced in two separate experiments.
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and to influence prolactin secretion were tested for effects on
leucine incorporation. Dopamine, at concentrations ranging
from 1 nM to 1 mM, was without effect. However, the dopamine
antagonist and reputed calmodulin antagonist, trifluoperazine,
inhibited [*H]leucine incorporation in a Ca**-dependent man-
ner (Fig. 1). Below 1 mM added extracellular Ca?*, trifluopera-
zine (1, 3, and 10 uM) significantly decreased incorporation of
leucine as compared to the incorporation in incubations without
drug. The maximal extent of inhibition by 10 uM drug was
about 90%. By contrast, at the concentration of extracellular
Ca?* at which the maximal rate of protein synthesis prevailed,
inhibition by 1 or 3 uM drug was abolished. Concentrations of
extracellular Ca®* in excess of 1.1 mM were required to abolish
completely the inhibition occurring at 10 uM trifluoperazine.
Chlorpromazine inhibited amino acid incorporation in a similar
fashion (Fig. 2A). Chlorpromazine sulfoxide, an analog of chlor-
promazine which lacks antipsychotic activity (30), the ability
to bind to dopamine receptors (31), and calmodulin antagonist
activity (31), was not an effective inhibitor of protein synthesis
even at much higher concentrations (Table 1). Other dopamine
antagonists, haloperidol and (+)-butaclamol, at concentrations
ranging from 1 to 10 uM also inhibited [*H]leucine incorpora-
tion significantly at 0.9 mM added Ca?** but not at 1.5 mM
(Table 1). It was also of interest that (—)-butaclamol, which is
relatively inactive as a dopamine receptor antagonist, was more
effective in reducing leucine incorporation than (+)-butacla-
mol.

Various types of ergoline dopaminergic agonists were also
found to reduce leucine incorporation at low but not at high
extracellular Ca®* concentrations. For example, 10 uM bromo-
criptine altered the Ca?* concentration dependence of leucine
incorporation such that no stimulation was observed until
added cation exceeded 0.9 mM, an 85% reduction relative to
values found for untreated controls (Fig. 2B). Ergotamine added
at 1 and 10 uM reduced values for leucine incorporation by
approximately 40 and 90%, respectively (Table 1). In contrast,
apomorphine, a classic dopamine agonist, exerted no effects on
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Fig. 2. Effects of chlorpromazine, bromocriptine, acetyicholine, and ni-
fedipine on the Ca?* concentration dependence of leucine incorporation
by GHs cells. Ca?*-depleted cells were pretreated for 20 min with the
indicated concentrations of added CaCl. with (A-D) no addition (@), or
with (A) 10 um chlorpromazine (O), (B) 10 um bromocriptine (O), (C) 100
nm (O) or 1 um acetyicholine (A), or (D) 1 um nifedipine (O). Incorporation
of [°H]leucine into trichloroacetic acid-insoluble protein was determined
after 90 min of incubation. Results of a single experiment are provided.
Findings have been reproduced in three separate experiments.
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TABLE 1

Ca?*-dependent inhibition by selected agents of leucine
incorporation by GH, cells

Ca?*-depleted GH, cells were incubated in buffered Joklk's MEM with 1 mm EGTA,
1 mg/mil of fatty acid-free bovine serum albumin, and the indicated concentrations
of inhibitors and added CaCl,. Following a 20-min pretreatment, [*H}leucine (10°
cpm/0.5 mi of cell suspension) was added and incorporation into trichloroacetic
acid-precipitable protein was measured after 90 min of incubation. Results are
expressed as the percentage of incorporation into untreated controls + SE of
triplicate samples from a single experiment and have been reproduced in three
separate experiments.

Leucine incorporation
0.9 mm Ca™* 1.5 mm Ca**
None 100 100
Haloperidol Bum) 341+06 1031
(+)-Butaclamol (1um) 870+06 925+1.6
Bum) 712+£10 974+06
(10um) 235+02 86.1x16
(~)-Butaclamol (Tum) 540+14 961+14
Bum) 196x11 99.1+08
(10um) 140+02 10421
Chiorpromazine sulfoxide (10 um) 103 % 1 1061
(30um) 950+ 1.1 98 + 1.5
(100 um) 90802 108+1
Ergotamine (1um) 635+16 nd*
(Bum) 431116 nd
(10um) 193207 nd
Apomorphine (10um) 1064 nd

* nd, not determined.

leucine incorporation. The Ca** dependence of leucine incor-
poration appeared to be affected in a qualitatively similar
manner not only by the phenothiazines, trifluoperazine (Fig.
1), and chlorpromazine (Fig. 2A), and by bromocriptine (Fig.
2B), but also by acetylcholine (Fig. 2C) and the Ca** channel
blocker, nifedipine (Fig. 2D).

The concentration dependencies of inhibition of leucine in-
corporation by chlorpromazine, trifluoperazine, bromocriptine,
and the reputed calmodulin antagonist, calmidazolium (33),
were examined for cells in medium containing either 0.9 mm
or 1.6 mM Ca?* (Fig. 3). At limiting Ca®* concentrations, leucine
incorporation was decreased significantly (30-40%) at 1 uM
chlorpromazine, trifluoperazine, or bromocriptine. At 20 uM
bromocriptine or trifluoperazine and at 30 uM chlorpromazine,
inhibition of protein synthesis was observed at both extracel-
lular Ca®* concentrations. Calmidazolium at 3 uM inhibited
amino acid incorporation in a Ca?*-dependent fashion, but
inhibition by higher drug concentrations was not reversed by
1.6 mm Ca?*.

The effects of cholinergic agonists on the Ca?** dependence
of leucine incorporation noted above (Fig. 2C) were examined
in more detail. Acetylcholine at 1 uM decreased amino acid
incorporation at added Ca®* concentrations below 1.2 mM,
whereas 100 nM acetylcholine was inhibitory below 1.06 nm
added Ca** (Fig. 2C). Acetylcholine, however, produced lesser
degrees of inhibition than the other inhibitors. Similar effects
were obtained with carbachol (data not shown). Dose-response
relationships for inhibitions by acetylcholine and carbachol in
cells restored with 0.9 mM Ca?* are shown in Fig. 4. Half-
maximal inhibition was obtained at 40 nM acetylcholine and
700 nM carbachol, and maximal inhibition (60%) occurred at 1
uM acetylcholine and 10 uM carbachol. These agents act at
muscarinic cholinergic receptors, since inhibition of leucine
incorporation by acetylcholine and carbachol was reversed by
atropine but not by hexamethonium (Table 2). Inhibition of
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Fig. 3. Trifiuoperazine, chiorpromazine, bromocriptine, and caimidazo-
lium concentration dependencies of inhibition of leucine incorporation by
GHj; cells. Ca?*-depleted cells were suspended in buffered Jokilk's MEM
containing 1 mm EGTA and 1 mg/ml of bovine serum albumin. Ceil
suspensions were pretreated at 0.9 mm (@) or 1.5 mm (O) added CaCly
and the indicated concentrations of (A) trifiuoperazine, (B) chiorproma-
zine, (C) bromocriptine, or (D) caimidazolium. [*H]Leucine was then
added and incorporation of radioactivity into trichioroacetic acid-precipi-
table protein was measured after 90 min of incubation. Resuits are
expressed as percentage of incorporated by untreated
control cell preparations for a single experiment. Findings have been
reproduced In three separate experiments.
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bition of leucine incorporation by GH, celis. Caf*-| cells were
suspended in butfered Joklik's MEM containing 1 mm EQTA, 1 mg/mi of
bovine serum albumin, and 0.9 mm added CaCl,. Cell suspensions were
pretreated with the indicated concentrations of (@) or
carbachol (O) for 20 min. [*H]Leucine was added and incorporation of
radioactivity into trichioroacetic acid precipitates was determined after
90 min of incubation. Results are expressed as percentage of incorpo-
ration observed in the absence of drug + range of vaiues obtained for a
single wmo‘:npoﬂmmt. Findings have been reproduced in three separate
ex ts.

leucine incorporation by trifluoperazine or bromocriptine, in
contrast, was not reversed by atropine, indicating that inhibi-
tion of protein synthesis by these agents is not mediated
through interactions at muscarinic receptor sites (data not
shown).
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TABLE 2

Effects of cholinergic antagonists on inhibition of leucine
incorporation by carbachol and acetyicholine

GHs cells were harvested as described in the legend for Table 1. Cells were
exposed to 0.9 mm CaCl; and pretreated for 20 min with the indicated concentra-
tions of agonists and antagonists. [*H]Leucine (10° cpm/0.5 mi of cell suspension)
was added, and incorporation of amino acid was determined after 90 min of
incubation. Results are expressed as percentage of incorporation occurring in
control incubations + SE of triplicate determinations from a single experiment.
Findings have been reproduced in three separate experiments.

Additive % of Control
None 100
0.1 um Atropine 106 + 3
50 um Hexamethonium 102+3
10 um Carbachol 468+ 1.5
+ 0.1 um Atropine 92.0+13
+50 um Hexamethonium 482+ 20
1 M Acetyicholine 54.4+ 2.1
+ 0.1 um Atropine 856+1.9
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Fig. 5. Rapid reversal by Ca?* of inhibition of leucine incorporation by
acetyicholine, trifluoperazine, and chlorpromazine. Ca?*-depleted cells
were suspended in buffered Joklik’'s MEM containing 1 mm EGTA, 1 mg/
mi of bovine serum albumin, and either 1.5 mm (@) or 0.9 mm (A) added
CaCl,. Cell suspensions were pretreated for 20 min with (A) no addition,
(B) 1 um acetyicholine, (C) 10 um trifluoperazine, or (D) 10 um chiorpro-
mazine. [*H]Leucine was then added and incorporation of label into
trichloroacetic acid precipitates was determined for the indicated incu-
bation times. An additional 0.6 mm CaCl, was added to portions of the
cell suspensions with 0.9 mm extracellular CaCl, at 0 min (O), 30 min
(A), or 60 min () of incubation. Results of a single experiment are
provided. Findings have been reproduced in two separate experiments.

The time required for Ca®* to reverse inhibitions of leucine
incorporation by trifluoperazine, chlorpromazine, and acetyl-
choline was examined (Fig. 5). Ca**-depleted cell preparations
were pretreated for 20 min with 0.9 mM Ca®* in the absence or
presence of drugs. Portions of each cell preparation were ex-
posed to an additional 0.6 mM Ca?’* at the start of the pretreat-
ment period, at the time of [*H]leucine addition, or after 30 or
60 min of incubation. Amino acid incorporation was measured
at the indicated times throughout the 90-min incubation period.
Linear rates of incorporation were obtained for all preparations
although cells treated with drug at the lower Ca®* concentration
incorporated label at a significantly lower rate. This reduced

Inhibition of Protein Synthesis by Secretory Antagonists 415

rate of incorporation, however, was increased within minutes
to that of untreated controls when the additional 0.6 mM CaCl,
was added to the medium. It was apparent, therefore, that
inhibition of protein synthesis by the three agents is rapidly
and fully reversed by Ca**.

Site of action of inhibitors. Mg?* is recognized to be
required for the maintenance of cellular functionality and pro-
tein synthesis; however, neither the inhibition of amino acid
incorporation seen upon addition of EGTA nor the reversal of
inhibition resulting from restoration of the medium with Ca?*
is attributable to chelation of Mg?* (21). Measurements of
leucine incorporation conducted at various concentrations of
Mg?* and Ca®* provided evidence that the agents described in
the present study did not act to inhibit protein synthesis by
limiting the availability of Mg?* (Table 3). Mg** in excess of
EGTA had little influence on the activity of incubations with-
out drug that were conducted without added Ca®* or at 1.5 mM
Ca’*. In comparable controls conducted at limiting (0.9 mm)
Ca®*, additional Mg?** proved inhibitory, presumably due to
competition by Mg>* with Ca®* for binding sites such as those
described for the voltage-dependent Ca®* channel (6). Mg?* in
excess of EGTA did not appear to affect leucine incorporation
in incubations conducted with trifluoperazine, bromocriptine,
or carbachol at 0, 0.9, or 1.5 mM added extracellular Ca?*.

Although leucine uptake by GH; cells is not dependent on
Ca?* (22), it was possible that these agents inhibited leucine
incorporation by decreasing uptake of the amino acid in a Ca?*-
dependent manner. To investigate this possibility, uptake of
[*H]leucine was measured after 1, 6, and 30 min of incubation
in the presence and absence of acetylcholine, chlorpromazine,
or bromocriptine and under conditions comparable to those for
which inhibition of leucine incorporation is observed (Table 4).
Radioactivity in the trichloroacetic acid-soluble fraction, which

was considered to represent nonincorporated leucine, was un-

affected by drug treatment. In contrast, incorporation into the
trichloroacetic acid-insoluble pool was decreased by the drugs
at all incubation times examined.

The possibility that these agents produced in a rapid fashion
nonspecific toxic effects to which GH; cells were susceptible

TABLE 3

Effect of extracellular Mg* concentration on Ca®*-dependent
inhibition of leucine incorporation by trifiluoperazine, bromocriptine,
and carbachol in GH, cells

Ca®*-depleted celts were pretreated for 20 min with MgCl,, CaCl,, and inhibitors at
the concentrations indicated, and incorporation of leucine into trichioroacetic acid-
precipitable protein was determined after 90 min of incubation with labeled amino
acid (10° cpm/0.5 ml of cell suspension). Resuits are expressed as the mean + SE
of triplicate determinations from a single experiment.

Leucine incorporation
Additive Add?:u (‘;aCla {cpm x 107°/mg of protein)

1.0 mu MgCle 1.5 mu MgCl
None 200+06 166=+06
0.9 868+20 46416

1.5 199+ 3 201 +£3
Trifluoperazine (10 um) 147+03 140+04
.9 165+05 154+0.2

15 186 + 1 182+ 1
Bromocriptine (10 uM) 149 + 0.1 147+ 03
09 160+£03 159+0.2

1.5 173+ 1 172+ 6
Carbachol (10 um) 182+ 0.1 175+ 0.3
0.9 260+ 1.1 20.1+0.2

15 188 + 2 185+ 3
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TABLE 4

Leucine uptake and incorporation by GH, cells treated with
chiorpromazine, bromocriptine, or acetyicholine

Ca*-depleted cells were suspended in buffered Joklik's MEM containing 1 mm
EGTA, 1 mg/mi of bovine serum albumin, 0.9 mm CaCl,, and agents at the indicated
concentrations. After a 20-min pretreatment, [*H]leucine (5 X< 10° cpm/ml) was
added, and radioactivity in the trichloroacetic acid-soluble and insoluble fractions
was determined as described in Experimental Procedures. The mean of duplicate
incubation samples is presented. Results have been reproduced in two separate
experiments.

p— —
(cpm-mg protein™* - 10~9)

AdGit Trichs " Tric -
50k "
imn 6mn 30mn 1mn 6mn 30min

None 182 140 130 19.0 834 392
Chlorpromazine (10 um) 188 164 131 138 19.7 115
Bromocriptine (10 uM) 180 153 130 139 222 132
Acetyicholine (1 um) 189 136 147 145 402 170

only at low Ca®* concentrations was also considered. Cells
pretreated at 0, 0.9, and 1.5 mM Ca?* with or without chlorpro-
mazine (10 uM), bromocriptine (10 uM), or acetylcholine (1 uM)
for 20 min were therefore examined for ATP content by high
performance liquid chromatography (18). Concentrations of
this nucleotide, however, were not found to vary significantly
as a function either of extracellular Ca®* or of drug treatment.

The voltage-dependent Ca®* channel antagonists nifedipine
and verapamil decrease prolactin secretion by clonal lines of
GH cells (7, 8). Blockage of Ca®* entry, therefore, represents
an aternative mechanism through which secretory inhibitors
could inhibit protein synthesis. The effects of nifedipine on
amino acid incorporation as a function of extracellular Ca®*
concentration, as noted earlier (Fig. 2D), are comparable to
these praduced by ather seeretory inhibitors on this parameter:
eoFporation was inhibited 80% at 0.9 mu
added Ca™", with the inhibition being suppressed with inereas:
ing eoneentrations of extracellular €a™*. The concentration
dependenee of the inhibitions by nifedipine and verapamil was
mvs.sf;gﬂ;sa (Fig: 8). Half-maximal effects were obtained at 30
nM nifedipine and 1 ¢M verapamil, and maximal effects were
found at 1 #M nifedipine and 10 4M verapamil- At these
eonecentrations, nifedipine and vsrégaﬁmﬂ are effective inhibi-
tors of Ca*" uptake by GH cells (B): The maximal extent of
inhikition seen in this experiment with hoth agents was about
70%. At the higher coneentration of added 6a™", leucine ineor-
peration was not decreased significantly by either drug.

Spectrum of polypeptides affected by inhibitors: To
determine whether inhibiters decreased aming acid ineorpera:
tien inte all polvpeptides being svnthesized o affected the
synthesis of only particular pgl_xgeande&z eells were incubated
at varying extracellular Ga’* with or without drugs in medivm
containing [“S]methionine. Labeled ?QWBG tides were then
separated by sodium dodecyl sulfate-polyacrylamide gel electro:
pheresis and visualized by autoradiography (Fig: 7). As reparted
previguely, Ca™* depletion decreased Inearparation inte all paly-
peptides detected (21, 23). Treatment with Bromocriptine,
chiorpromazine, oF acetylchaline at limiting €a’ aleo resulted
in decreased labeling of all detectable polvpeptide species. At
high extracellular Ca**, however, the extent of labeling of
polvpeptides from drug treatment samples appeared identical
ta that from untreated eontrals.

GHs cells synthesize and secrete growth harmone and pro:

A ) L) ) | A
'00'0——0—5-3@7—5—4
3
= 80 7
S _
-
&2 so} :
@
O =
Qo
Z° 9} -
by °
w© .
Z®
S < 20t §
p
oY | 1 1 1

pk
-9 -8 =7 -6 -5

LOG NIFEDIPINE OR VERAPAMIL (M)

Fig. 6. Nifedipine and verapamil concentration dependencies of leucine
incorporation by GH; cells. Ca®*-depleted cells were pretreated for 20
min with either 0.9 mm (@, A) or 1.5 mm (O, A) CaCl, and the indicated
concentrations of nifedipine (®, O), or verapamil (A, A). Incorporation of
[PH]leucine into trichloroacetic acid precipitates was determined after 90
min of incubation, and the results of a single experiment are presented.
Similar results were obtained in three separate experiments.

lactin. Production of prolactin (22) and growth hormone’ dur-
ing short incubations exhibits the same Ca®* concentration
dependence as does amino acid incorporation into overall pro-
tein. It was of interest, therefore, to ascertain whether the
agents of interest would decrease growth hormone and prolactin
production in a Ca’*-dependent manner. Incorporation of leu-
cine and production of growth hormone were measured simul-
tanesusly in Ca’"depleted preparations of GHs el expowed
ta 0 0.9, or 1.8 mM extracellular 6a** and treated with brom-
oceriptine, triflugperazine. oF chlorpremazine. As shown in Fig.
8 both grewth hormone praduction and leucine incorporation
were decreased in the presence of bromeeripting, trifluepers:
sine. oF chlorpromazine. provided that incubations were eon-
ducted at limiting ©a°*. Furthermore. the degree of inhibition
(70%) was similar foF both parameters. ‘

The production of growth hormene and prolactin wag com-
pared for cell grsgmnsn& exposed to either 0.9 mM oF 1.5 mM
extracellular ©a°* and treated with triflueperazine. chisrpre-
mazine. bromacripting, nifedipine. of acetvicholine (Table 8).
Hermone production by cell suspensions (cells plug medium)
wag determined after 8 90-min incubation: Growth hermene
and prolactin produetion were both deereased by drugs in 2
dese-Aependent manner at limiting 6a°* coneentrations. How-
gver, at 1.5 mM ©a*, hormone produetion was unaffected
exeept at the highest triflugperazine concentrations. Protein
syRthesis was also inhibited by high deses of triflusperazine
under these canditions (Fig. 3). Atropine reversed specifically
the inhibition by earbachel or acetyichaling of grawth hormene
and prolactin production (data net shown).

Biseussien

Bratein synthesis in normal liver and chicken embrys celle
and numerous established tumer cell lines, incuding the prolae:
tin-secreting GHs cell line. is markedly dependent on 68°" (31,

'] Wolfe, unpublished sheervatiops.
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Fig. 7. Effects of chlorpromazine, bromocriptine, and acetyicholine on
[®*S)methionine incorporation as analyzed by polyacrylamide gel electro-
phoresis. Ca?*-depieted celis were suspended in a modified MEM lacking
added Ca®* or methionine and containing 25 mm Hepes, pH 7.4, and 1
mm EGTA. Samples were pretreated at 37° for 20 min with 0.9 mm
(/lanes A-D) or 1.5 mm CaCl, (lanes E-H), and either no addition (lanes
C and F), 1 um acetyicholine (/anes D and E), 10 um bromocriptine (lanes
A and H), or 10 um chlorpromazine (/anes B and G). Samples were then
incubated for 60 min with [**S]methionine (4 % 10° cpm/mi), and sodium
dodecyl! sulfate-polyacrylamide ge! electrophoresis and autoradiography

were performed as described in Experimental Procedures. The following
molecular weight marker proteins were used: skeletal muscle phospho-
rylase b (94,000), bovine serum albumin (67,000), ovalbumin (43,000),
carbonic anhydrase (30,000), soybean trypsin inhibitor (20,100), and a-
lactalbumin (14,400).

22). In the present study, drugs and neurotransmitters reported
to inhibit prolactin secretion were examined for their effects
on amino acid incorporation by GH; cells as a function of Ca**
depletion and restoration. The dopamine agonists, bromocrip-
tine and ergotamine, the phenothiazine dopamine antagonists,
trifluoperazine and chlorpromazine, and cholinergic agonists
were found to inhibit incorporation of leucine into overall
protein in a Ca®*-dependent manner without affecting cell
viability. Furthermore, the Ca®* concentration dependencies of
inhibition were similar for these agents.

Several possible explanations could account for these find-
ings. Inhibition of amino acid incorporation by trifluoperazine,
chlorpromazine, bromocriptine, and ergotamine could result
from nonspecific hydrophobic interactions and/or membrane
perturbation effects since these drugs are rather lipophilic and
are reported to stabilize membranes (34). This interpretation
does not appear to be valid, however, since the inhibitions were
invariably reversible by Ca?* except at very high (20 uM or
greater) drug concentrations (Fig. 3). It is unlikely that Ca®*
prevents or reverses association of the various agents with the

Inhibition of Protein Synthesis by Secretory Antagonists 417

membrane since the agents are effective inhibitors of prolactin
secretion and of Ca®*-dependent action potentials at physio-
logic extracellular Ca?* concentrations (8, 16, 17, 20). In addi-
tion, chlorpromazine sulfoxide at 10 or 30 uM did not signifi-
cantly decrease amino acid incorporation (Table 1).

Trifluoperazine, chlorpromazine, and calmidazolium bind to
the Ca?*.calmodulin complex and prevent activation of cal-
modulin-dependent enzymes in vitro. These agents, therefore,
have been frequently used as probes for calmodulin-dependent
effects in intact cells. It is unlikely, however, that inhibition of
amino acid incorporation at limiting extracellular Ca?* concen-
trations by trifluoperazine, chlorpromazine, or calmidazolium
was mediated through binding to calmodulin for at least three
reasons. First, although trifluoperazine, chlorpromazine, and
calmidazolium inhibited protein synthesis half-maximally at
0.9 mM Ca?* at approximately the same concentration (1 uM),
their established affinities for binding to calmodulin vary
greatly from each other (32, 33). Second, effects on leucine
incorporation were observed at lower concentrations of trifluo-
perazine and chlorpromazine than have been reported to influ-
ence calmodulin-dependent processes (32). Finally, ergotamine
and bromocriptine inhibited amino acid incorporation to the
same extent and with the same Ca®>* dependence as trifluoper-
azine and chlorpromazine, yet neither of these dopamine ago-
nists has been reported to possess calmodulin-antagonistic
activity in vitro.

GH; cells, unlike normal pituitary tissue, neither possess
high affinity dopamine receptors nor respond to nanomolar
concentrations of dopamine agonists. A separate site to which
dopaminergic agonists and antagonists bind with affinities in
the micromolar range, however, has been identified in GH,3
cells and normal anterior pituitary cells (9, 11). The binding
affinities of a number of dopamine agonists and antagonists at
this low affinity site correlate well with the concentrations at
which these agents inhibit both amino acid incorporation and
prolactin secretion (10). Furthermore, the active and inactive
isomers of butaclamol bind to this site with comparable affini-
ties (11) and inhibit protein synthesis (Table 1) and prolactin
release (10) at equivalent concentrations. Finally, the dopamine
agonist, apomorphine, which possesses a 100-fold lower binding
affinity for this receptor, did not significantly inhibit amino
acid incorporation (Table 1). Therefore, inhibition of amino
acid incorporation and of prolactin secretion by these agents
could be mediated through binding to this lower affinity recep-
tor site.

TRH, a Ca®*-mobilizing hormone, has been shown to in-
crease both prolactin secretion (5) and amino acid (22). De-
creased prolactin secretion and amino acid incorporation in the
presence of drugs used in this study could, therefore, result
from reduced availability of Ca®* at key regulatory sites within
the cell. Inhibitions of amino acid incorporation were clearly
dependent on the extracellular concentration of Ca?*. As fur-
ther support for this hypothesis, trifluoperazine is reported to
block Ca®*-dependent action potentials in GH; cells (20) and
to decrease high K*-induced Ca®* uptake in both rat synapto-
somes (35) and rat anterior pituitary cells (19). In addition,
verapamil and nifedipine were observed in this study to de-
crease amino acid incorporation at concentrations at which
these agents are effective Ca®* channel antagonists (6). Leucine
incorporation was inhibited to the same extent and within the
same range of extracellular Ca’* concentrations as was observed
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Fig. 8. Inhibition of growth hormone
production and leucine incorporation
by chlorpromazine, trifluoperazine,
and bromocriptine, Ca®*-depleted
cells were suspended in buffered Jok-
lik's MEM containing 1 mm EGTA and
1 mg/ml of bovine serum albumin.
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Cell suspensions were pretreated for
20 min with 0, 0.9 or 1.5 mm CaCl,
and with 10 um bromocriptine, 10 um
chlorpromazine, or 10 um trifluopera-
zine. [*H]Leucine was then added to
portions of the cell suspensions, and
incorporation of radioactivity into tri-
chloroacetic acid-precipitable protein
was determined after 90 min of incu-
bation (shaded bars). The average of
values obtained from triplicate incu-
bation samples is provided. Cell sus-
were also incubated for 90 min and
growth hormone content was deter-
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0 mined. Triplicate biological samples
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TABLE 5

were prepared, and each was as-
sayed for growth hormone in dupli-
cate. Results are expressed as the
increase in growth hormone + SE (N
= 6). Growth hormone at the start of
the incubation period was 1.4 ug/mg
of protein (open bars). Results pro-
vided in this figure were obtained
from a single experiment. Findings
have been reproduced in two sepa-
rate experiments.

Effects of inhibitors of leucine incorporation on production of growth hormone and prolactin by GH, cells

Ca**-depleted cells were suspended in buffered Joklik's MEM containing 1 mm EGTA, 1 mg/ml of bovine serum albumin, and the indicated concentrations of inhibitors
and CaCl, and were incubated for 90 min. For each experimental value, triplicate biological samples were prepared, and each was assayed for hormone content in
duplicate. Results are expressed as the increase in total growth hormone or prolactin (celis and extraceliular medium) + SE (N = 6). At the start of the incubation, growth
hormone was 2.98 ug/mg of protein, and prolactin was 0.58 ug/mg of protein. Results of a single experiment are provided. Findings have been reproduced in two

separate experiments.
] 0.9 mm Ca** 1.5 mu Ca**
Increase in growth hormone Increase in prolactin Increase in growth hormone Increase in prolactin
ug/mg of protein/90 min ug/mg of protein/90 min
None 1.30 £ 0.03 0.25 + 0.01 1.95 +0.03 0.41 £ 0.01
Acetyicholine
30 nm 1.15 +0.08 0.25 + 0.01 nd* nd
100 nm 0.88 + 0.01 0.15 + 0.01 nd nd
1 um 0.83 + 0.07 0.16 £ 0.01 195 +0.15 0.38 + 0.01
Trifluoperazine
1um 1.07 £ 0.07 0.16 + 0.02 nd nd
3 um . 0.53 + 0.07 0.12 £ 0.01 nd nd
10 um 0.20 + 0.01 0.09 + 0.01 1.78 £ 0.06 0.30 + 0.01
20 um 8.13 + 0.03 0.06 + 0.01 1.09 £ 0.09 0.28 + 0.02
Chlorproma- .
zine
1 um 1.25 + 0.04 0.20 + 0.01 nd nd
3 um 0.76 + 0.02 0.12 + 0.02 nd nd
10 um 0.18 + 0.04 0.10 = 0.01 1.95 +£0.02 0.38 + 0.01
Nifedipine
1 uM 0.51 £ 0.05 0.17 £ 0.03 181 +0.19 0.38 + 0.01

* nd, not determined.

for inhibition by chlorpromazine, trifluoperazine, ergotamine,
and bromocriptine. Furthermore, submaximal combinations of
nifedipine and chlorpromazine resulted in additive effects.!
Since nifedipine and verapamil decrease both intracellular free
Ca’* concentrations and prolactin release in GH,C, cells (36),
and since both drugs inhibit leucine incorporation by a Ca**-
dependent mechanism, inhibition of amino acid incorporation

by prolactin secretion inhibitors presumably results from alter-
ations in Ca®>* metabolism. A probable mechanism by which
these agents affect protein synthesis in GHj cells is through
inhibition of Ca?* uptake. This hypothesis is explored in the
accompanying paper (23).

The secretion of prolactin was not measured under the con-
ditions used in this study. Consequently, it cannot be stated
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definitively that inhibition of this process by the drugs involves
a mechanism similar to that for inhibition of protein synthesis,
although such a mechanism is consistent with currently avail-
able data. That these agents reduce both prolactin synthesis
and secretion in a coordinate fashion under physiologic condi-
tions remains to be demonstrated.

The extracellular free Ca?* concentrations at which these
drugs inhibit amino acid incorporation were not determined for
the enriched medium used in this study. However, in experi-
ments conducted in buffered saline, pH 7.5, lacking albumin
and containing 1 mM EGTA, maximal leucine incorporation by
GH; cells was observed at 1.2 mM added Ca?* and full inhibition
by 1 uM nifedipine at 1.1 mM but not at 1.2 mM added cation.
It is likely, therefore, that nifedipine and other agents at the
concentrations employed in this study inhibit protein synthesis
by GHj cells only at free Ca®* concentrations below 200 uM.
Such free Ca?* concentrations are considerably lower than
those present under physiologic conditions. It should be noted,
however, that these studies were conducted using tumor cells
which are recognized to require considerably lower Ca’* con-
centrations for growth and proliferation than do normal cell
types (37). Additional work will be required to establish whether
these drugs inhibit protein synthesis in normal cells of the
anterior pituitary under conditions encountered in vivo.

References

1. Kidokoro, Y. Spont: calcium action potentials in a clonal pituitary cell
line and their relationship to prolactin secretion. Nature (Lond.) 2568:741-
742 (1975).

2. Ozawa, S., and S. Miyazaki. Electrical excitability in the rat clonal pituitary
cell and its relation to hormone secretion. Jpn. J. Physiol. 29:411-426 (1979).

3. Tashjian, A. H., Jr. Clonal strains of hormone-producing pituitary cells.
Methods Enzymol. 88:527-535 (1979).

4. White, B. A, L. R. Bauerle, and F. C. Bancroft. Calcium specifically stimu-
lates prolactin synthesis and messenger RNA sequences in GHj cells. J. Biol.
Chem. 256:5342-5345 (1981).

5. Gershengorn, M. C., S. T. Hoffstein, M. J. Rebecchi, E. Geras, and B. G.
Rubin. Thyrotropin-releasing hormone stimulation of prolactin release from
clonal rat pituitary cells. J. Clin. Invest. 67:1769-1776 (1981).

6. Tan, K.-N., and A. H. Tashjian, Jr. Voltage-dependent calcium channels in
pituitary cells in culture. I. Characterization by “*Ca®* fluxes. J. Biol Chem.
259:418-426 (1984).

7. Tan, K.-N,, and A. H. Tashjian, Jr. Voltage-dependent calcium channels in
pituitary cells in culture. II. Participation in thyrotropin-releasing hormone
action on prolactin release. J. Biol Chem. 259:427-434 (1984).

8. Ozawa, S, and N. Kimura. Calcium channel and prolactin release in rat
clonal pituitary cells: effects of verapamil. Am. J. Physiol 243:E68-E73
(1982).

9. Foord, S. M., J. R. Peters, C. Dieguez, M. F. Scanlon, and R. Hall. Dopamine
receptors on intact anterior pituitary cells in culture: functional association
with the inhibition of prolactin and thyrotropin. Endocrinology 112:1567-
1577 (1983).

10. Faure, N., M. J. Cronin, J. A. Martial, and R. I. Weiner. Decreased respon-
siveness of GH, cells to the dopaminergic inhibition of prolactin. Endocri-
nology 107:1022-1026 (1980).

11. Cronin, M. J., N. Faure, J. A. Martial, and R. I. Weiner. Absence of high
affinity dopamine receptors in GH; cells: a prolactin-secreting clone resistant
to the inhibitory action of dopamine. Endocrinology 106:718-723 (1980).

12. West, B., and P. S. Dannies. Antipsychotic drugs inhibit prolactin release
from rat anterior pituitary cells in culture by a mechanism not involving the
dopamine receptor. Endocrinology 104:877-890 (1979).

13. Conn, P. M., D. C. Rogers, and T. Sheffield. Inhibition of gonadotropin-
releasing hormone-stimulated luteinizing hormone release by pimozide: evi-
dence for a site of action after calcium mobilization. Endocrinology 109:1122-
1126 (1981).

Inhibition of Protein Synthesis by Secretory Antagonists 419

14. Schaeffer, J. M., and A. J. W. Hsueh. Acetylcholine receptors in the rat
anterior pituitary gland. Endocrinology 108:1377-1381 (1980).

15. Grandison, L., M. Gelato, and J. Meites. Inhibition of prolactin secretion by
cholinergic drugs. Proc. Soc. Exp. Biol. Med. 145:1236-1239 (1974).

16. Rudnick, M. S., and P. S. Dannies. Muscarinic inhibition of prolactin
production in cultures of rat pituitary cells. Biochem. Biophys. Res. Commun.
101:689-696 (1981).

17. Onali, P., C. Eva, M. C. Olianas, J. P. Schwartz, and E. Costa. In GH,
pituitary cells, acetylcholine and vasoactive intestinal polypeptide antago-
nistically modulate adenylate cyclase, cyclic AMP content, and prolactin
secretion. Mol. Pharmacol. 24:189-194 (1983).

18. Ray, K. P., and M. Wallis. Effects of dopamine on prolactin secretion and
cyclic AMP accumulation in the rat anterior pituitary gland. Biochem. J.
194:119-128 (1981).

19. Fleckman, A., J. Erlichman, U. K. Schubart, and N. Fleischer. Effect of
trifluoperazine, D600 and phenytoin on depolarization- and thyrotropin-
releasing hormone-induced thyrotropin release from rat pituitary tissue.
[Endocrinology 108:2072-2077 (1981).

20. Sand, O., K. Sletholt, K. M. Gautvik, and E. Haug. Trifluoperazine blocks
calcium-dependent action potentials and inhibits hormone release from rat
pituitary cells. Eur. J. Pharmacol. 86:177-184 (1983).

21. Brostrom, C. O., S. B. Bocckino, and M. A. Brostrom. Identification of a Ca**
requirement for protein synthesis in eukaryotic cells. J. Biol Chem.
258:14390-14399 (1983).

22. Brostrom, M. A., C. O. Brostrom, S. B. Bocckino, and S. S. Green. Ca®* and
hormones interact synergistically to stimulate rapidly both prolactin produc-
tion and overall protein synthesis in pituitary tumor cells. J. Cell. Physiol.
121:391-401 (1984).

23. Wolfe, S. E., and M. A. Brostrom. Mechanisms of action of inhibitors of
prolactin secretion in GH; cells. II. Blockade of voltage-dependent Ca®*
channels. Mol. Pharmacol. 29:420-426 (1986).

24. Brostrom, M. A., C. O. Brostrom, L. A. Brotman, and S. S. Green. Regulation
of Ca*-dependent cyclic AMP accumulation and Ca®* metabolism in intact
pituitary tumor cells by modulators of prolactin production. Mol. Pharmacol.
23:399-408 (1983).

25. Brostrom, M. A., C. O. Brostrom, and D. J. Wolff. Calcium dependence of
hormone-stimulated cAMP accumulation in intact glial tumor cells. J. Biol
Chem. 254:7548-7557 (1979).

26. Tashjian, A. H., Jr., F. C. Bancroft, and L. Levine. Production of both
prolactin and growth hormone by clonal strains of rat pituitary tumor cells.
J. Cell Biol. 47:61-70 (1970).

27. Dannies, P. S., and A. H. Tashjian, Jr. Effects of thyrotropin-releasing
hormone and hydrocortisone on synthesis and degradation of prolactin in a
rat pituitary cell strain. J. Biol Chem. 248:6174-6179 (1973).

28. Sedmak, J. J., and S. F. Grossberg. A rapid, sensitive and versatile assay for
protein using Coomassie brilliant blue G 250. Anal. Biochem. 79:544-562
(1977).

29. Laemmli, U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophge T4. Nature (Lond.) 227:680-685 (1970).

30. Davidson, J. D., L. L. Terry, and A. Sjoerdsma. Action and metabolism of
chlorpromazine sulfoxide in man. J. Pharmacol. Exp. Ther. 121:8-12 (1957).

31. Palmer, G. C.,, and A. A. Manian. Actions of phenothiazine analogues on
dopamine-sensitive adenylate cyclase in neuronal and glial-enriched fractions
from rat brain. Biochem. Pharmacol. 258:63-71 (1976).

32. Prozialeck, W. C., and B. Weiss. Inhibition of calmodulin by phenothiazines
and related drugs: structure-activity relationships. J. Pharmacol. Exp. Ther.
222:509-516 (1982).

33. Van Belle, H. R24571: a potent inhibitor of calmodulin-activated enzymes.
Cell Calcium 2:483-494 (1981).

34. Seeman, P. The membrane actions of anesthetics and tranquilizers. Phar-
macol. Rev. 24:583-655 (1972).

35. Hoss, W., and M. Formaniak. Calcium channel activity in rat brain synap-
tosomes; effects of neuroleptics and other factors regulating phosphorylation
and transmitter release. Neurochem. Res. 9:109-120 (1984).

36. Albert, P. R., and A. H. Tashjian, Jr. Relationship of thyrotropin-releasing
hormone-induced spike and plateau ph in cytosolic free Ca** tra-
tions to hormone secretion. Selective blockade using ionomycin and nifedi-
pine. J. Biol. Chem. 269:15350-16363 (1984).

37. Durham, A. C,, and J. M. Walton. Calcium ions and the control of prolifer-
ation in normal and cancer cells. Biosci. Rep. 2:15-30 (1982).

Send reprint requests to: Dr. Mupnt A. Brostrom, Department of Pharma-
cology, UMDNJ-Rutgers Medical School, Box 101, Piscataway, NJ 08854.

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/



