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SUMMARY

BrosTROM, M. A,, C. O. BROSTROM, S.-C. HUuANG, AND D. J. WoLFF. Cholera toxin-
stimulated cyclic AMP accumulation in glial tumor cells: modulation by Ca®*. Mol.

Pharmacol. 20:59-67 (1981).

Accumulation of cyclic AMP in response to cholera toxin was studied in Ca®*-depleted
and Ca”*-restored C6 glial tumor cells. Accumulation was retarded when the cells were
depleted of Ca®*, but the maximal cyclic AMP content observed with toxin in Ca®*-
restored cells was eventually attained in Ca”*-depleted cells. The concentration of cholera
toxin which elicited half-maximal cyclic AMP accumulation (apparent K..) was not
altered by Ca**. Micromolar free Ca®* concentrations in the extracellular medium were
sufficient to overcome the retardation of toxin-stimulated cyclic AMP accumulation in
Ca®*-depleted cells. The effect of Ca®* on cyclic AMP accumulation in response to toxin
was rapid and was reversible upon the addition of ethylene glycol bis(8-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid (EGTA) in excess of the cation. Accumulation of cyclic
AMP by intact cells correlated with increases in the adenylate cyclase activities of Ca®*-
depleted and Ca®*-restored cells exposed to cholera toxin. Ca®*, therefore, appears to
enhance the rate of adenylate cyclase activation by cholera toxin. Trifluoperazine retarded
cholera toxin-dependent cyclic AMP accumulation in a manner similar to cellular Ca**
depletion. Cyclic AMP accumulation in both Ca**-depleted and Ca**-restored prepara-
tions was slowed by the drug at micromolar concentrations. Once maximal cell cyclic
AMP was attained, however, neither trifluoperazine nor EGTA in excess of Ca®* affected
the nucleotide contents of cells or their extracellular fluids. Binding of **I-labeled cholera
toxin by intact cells was not altered by Ca®* or by trifluoperazine. The Ca®* dependence
of cyclic AMP accumulation in response to norepinephrine was not affected by pretreat-
ment of cells with cholera toxin, although the extent of the response to the catecholamine
was reduced. Similar effects of Ca** on cyclic AMP accumulation in cholera toxin-treated
cells were identified in neuroblastoma, neuroblastoma-glioma, pituitary tumor, and
Chinese hamster ovary cells.

INTRODUCTION

Cholera enterotoxin is recognized to activate adenylate
cyclase of many types of vertebrate cells (1, 2). Following
binding of toxin to ganglioside Gm; on the surface of the
cell, the active subunit A, is released into the cytoplasm,
where it subsequently produces an irreversible activation
of adenylate cyclase. In cell-free systems, the A, fragment
catalyzes an ADP-ribosylation of the guanyl nucleotide
regulatory component of the enzyme (3, 4), the conse-
quence of which is proposed to be the inhibition of GTP
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hydrolysis and persistence of the activated state of aden-
ylate cyclase (5). The fully activated enzyme is highly
stable in vitro; in intact cells the enzyme may remain
activated for days (6). ADP-ribosyl transferase activity
of the A, fragment requires NAD*, GTP, and other
cytosolic factors which have not been completely char-
acterized (1, 2, 7). The adenylate cyclase of brain, which
is regulated by Ca** and CDR' (8, 9), is fully activated
by cholera toxin only when Ca?** and CDR in addition to
the above cofactors are present (10). Full expression of

! The abbreviations used are: CDR, calcium-dependent regulator or
calmodulin; EGTA, ethylene glycol bis(8-aminoethyl ether) N,N,N’,N’-
tetraacetic acid.

0026-895X/81,/010059-09$02.00/0
Copyright © 1981 by The American Society for Pharmacology

and Experimental Therapeutics.
All rights of reproduction in any form reserved.

2102 ‘9 JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio sjeuinofadse wieydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

60 BROSTROM ET AL.

the toxin-activated brain enzyme similarly requires the
presence of Ca®* and CDR.

The catecholamine-sensitive adenylate cyclase of C6
glial tumor cells is enhanced approximately 40% by CDR
and is more sensitive to Ca®* in the presence of CDR
(11). Cyclic AMP accumulation in intact C6 cells in
response to norepinephrine was recently shown to be
influenced by intracellular Ca?* (12); the results were
consistent with the hypothesis that CDR is the intracel-
lular mediator of this Ca**-modulated response. Evidence
that Ca®* is involved in the cyclic AMP response to
cholera toxin in intact cells, however, is lacking. The
present investigation was conducted to assess the role of
Ca®* in the cyclic AMP response of toxin-treated C6 cells.
The results obtained were compatible with an in-
tracellular Ca** requirement for, or facilitation of, aden-
ylate cyclase activation by toxin. In addition, accumula-
tion of cyclic AMP in response to toxin in other types of
cultured cells was shown to be Ca**-modulated.

MATERIALS AND METHODS

Materials. Cholera enterotoxin was purchased from
Schwarz/Mann (Orangeburg, N. Y.). N-tris(hy-
droxymethyl)methyl-2-aminoethanesulfonic acid, cyclic
AMP, ATP, norepinephrine bitartrate, and cyclohexi-
mide were obtained from the Sigma Chemical Company
(St. Louis, Mo.). Trifluoperazine was a gift from Smith,
Kline and French Laboratories (Philadelphia, Pa.). Cell
culture media were obtained from Grand Island Biologi-
cal Company (Grand Island, N. Y.), and fetal bovine and
horse sera were purchased from Flow Laboratories, Inc.
(Rockville, Md.). °H cyclic AMP, 36.7 Ci/mmole, was
obtained from New England Nuclear Corporation (Bos-
ton, Mass.), and [°(H]JATP, 12 Ci/mmole, from ICN Phar-
maceuticals, Inc. (Plainview, N. Y.).

Cell cultures. The C6 clonal line of rat glial tumor cell
was obtained from the American Type Culture Collection
(Rockville, Md.). Stock monolayer cultures were main-
tained (13) and experimental cultures were grown (12)
according to protocols previously described. Other cell
cultures were grown in Falcon plastic flasks or glass roller
bottles to confluency. Anterior pituitary tumor cells were
grown in Ham’s F-10 medium with 2.5% fetal bovine
serum and 15% horse serum; neuroblastoma (neuro 2A)
in Eagle’s minimal essential medium with 10% fetal bo-
vine serum; neuroblastoma-glioma (NG 10815) in Ham’s
F-10 medium with 10% fetal bovine serum; and Chinese
hamster ovary cells in Ham’s F-12 medium with 10%
fetal bovine serum. The neuroblastoma-glioma cells were
obtained originally from Dr. Arthur Blume of The Roche
Institute for Molecular Biology (Nutley, N. J.). All other
cell types were purchased from the American Type Cul-
ture Collection.

Preparation of Ca’®*-depleted cells. Roller bottle
monolayer cultures were washed twice with 40 ml of a
buffered saline solution containing 137 mM NaCl, 5 mm
KCl, 5.6 mm glucose, 1 mm EGTA, and 25 mm N-
tris(hydroxymethyl)-2-aminoethanesulfonic acid; pH 7.5.
Another 40 ml of buffered saline were added, and the
cells were incubated at 37° until they detached from the
glass surface. The cell suspension was centrifuged at 600
X g for 3 min at room temperature and the supernatant

fluid was discarded. Cells were resuspended in the above
saline solution and recentrifuged. The pellet of cells was
resuspended in 40 ml of the buffered saline containing 1
mM MgCl; and 1 mm isobutylmethylxanthine. This sus-
pension of Ca®*-depleted cells routinely contained 0.2-
0.4 mg of protein per milliliter. Ca®*-restored cells were
prepared by adding CaCl; to a concentration of 3 mm (2
mM in excess of EGTA) to a portion of the suspension of
Ca’*-depleted cells. Unless indicated otherwise, aliquots
of cell suspensions were pretreated at 37° in glass or
polyproPylene tubes with or without Ca®* for 30 min.
The Ca** content of Ca®*-restored cells was routinely 5-
fold greater than that of Ca®*-depleted cells (12). Cholera
toxin, drugs, or other additives were dissolved in buffered
saline and were added to the cells in 10- to 20-ul volumes
per milliliter of cell suspension. Viability of cell prepara-
tions was determined by dye uptake studies or regrowth
procedures as described previously (12). By these criteria,
cells routinely were 90-95% viable. Alternately, when
extracts of Ca**-depleted or Ca**-restored cells were pre-
pared and ATP measurements performed as previously
described (12), no differences in nucleotide concentra-
tions between the two types of cell preparations were
observed.

Determination of cyclic AMP content. The cyclic AMP
contents of trichloroacetic acid extracts of cell suspen-
sions, cells alone, or extracellular fluids alone were mea-
sured as discussed previously (12). In some experiments,
extracts of cells or of cells with extracellular fluids were
prepared by heating samples at 90° for 10 min. Denatured
protein was removed by centrifugation at 2000 X g for 10
min, and supernatant fluids were used directly for cyclic
AMP analyses.Values obtained with this procedure were
identical with those obtained by using trichloroacetic
acid extracts of cells or cell suspensions.

Unless specifically indicated, results are expressed as
the means + standard error of triplicate incubations from
a single preparation of cells in a single experiment. Assays
of cyclic AMP for each incubation sample were per-
formed in duplicate. Each experiment was performed at
least three times to verify results, and experiments re-
ported herein are considered representative.

Adenylate cyclase assays. Pellets of C6 cells obtained
by centrifugation at 1000 X g for 2 min were resuspended
in 10 mmM imidazole, pH 7.5, containing 3 mm MgCl; and
1 mMm dithiothreitol to 0.1 volume of original cell suspen-
sion and homogenized by hand in a Potter-Elvehjem
homogenizer fitted with a Teflon pestle. Aliquots (25 ul)
of homogenate were assayed for enzyme activity as de-
scribed previously (9) with the exception that 1 mm
EGTA was present in the assay buffer. Results are ex-
pressed as the average of triplicate determinations +
range of values obtained.

Preparation of *** I-labeled cholera toxin. Commercial
cholera toxin was chromatographed on a Sephadex G-75
column equilibrated with 10 mMm sodium phosphate, pH
7.4, to remove salts and sodium azide. The chromato-
graphed toxin was then iodinated by using the radioio-
dination system components obtained from New England
Nuclear Corporation. Toxin (220 pg) was incubated at
room temperature with a phosphate buffer containing 1
mCi of '*I (Na* salt), 0.1% B-D glucose, and iodination
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reagent beads (lactoperoxidase and glucose oxidase on
uniform inert solid supports). After 30 min, the reaction
was terminated with sodium metabisulfite (0.5 mg/ml).
The reaction mixture was subjected to Sephadex G-75
column chromatography in order to separate iodinated
protein from free iodide. Radioactive fractions in the void
volume were pooled. A specific activity of 9.5 X 10’ cpm
per nanomole of toxin was obtained by this procedure;
over-all recovery of toxin was 15%. Iodinated toxin was
stored at 4° with 0.15 M NaCl, 3 mM sodium azide, and 1
mM EDTA, and used within a few days after preparation.

Determination of cholera toxin binding. Ca®*-depleted
and Ca”*-restored cells were prepared as described above,
except that the final cell pellet was resuspended in 8 ml
of buffered saline. Aliquots (150 ul) were incubated at 25°
for 30 min in glass tubes. Unlabeled cholera toxin (0.5
uM) was added to one-half of each preparation of cells
and the incubation continued for 10 min. '*’I-Labeled
cholera toxin and, where indicated, trifluoperazine were
added, and the final volume was adjusted to 200 ul. After
incubation for the indicated times at 25°, ice-cold
buffered saline (2 ml), lacking or containing Ca®*, was
added to the appropriate cell suspensions. Suspensions
were centrifuged at 1000 X g for 2 min at 4° and the
supernatant fluids were discarded. Cells were resus-
pended in 2 ml of cold buffered saline with or without
Ca®* and recentrifuged. The suspension and centrifuga-
tion procedure was repeated for a total of three washes.
Radioactivity of cell pellets was measured directly with
a Packard autogamma scintillation spectrophotometer.
Radioactivity in samples pretreated with unlabeled chol-
era toxin was taken as a measure of nonspecific binding.
Specific binding was defined as the difference between
the amount of radioactive toxin bound in the absence
and presence of unlabeled toxin. All samples were cor-
rected for a small amount of binding of labeled toxin to
glass tubes in the absence of cells.

Miscellaneous. Protein was determined by the method
of Lowry et al. (14). Cholera toxin was quantitated by
absorbance at 280 nm by using A |%,, = 11.42 (15).

RESULTS

Cyclic AMP accumulation in Ca**-depleted and Ca®*-
restored C6 cells in response to cholera toxin. Ca®*-
depleted and Ca®*-restored cells were treated with 6 nm
cholera toxin, and the cyclic AMP content of the cells
(Fig. 1A) and of their extracellular fluids (Fig. 1B) was
measured as a function of incubation time. Fifteen min-
utes of incubation were required to detect an increase in
the cyclic AMP content of Ca®*-restored cells. Thereaf-
ter, cyclic AMP content increased rapidly; maximal ac-
cumulation of cyclic AMP was obtained 90 min after
toxin addition. In Ca**-depleted cells, however, cyclic
AMP was accumulated more slowly with detectable in-
creases in cyclic AMP content observable after 30 min of
incubation with toxin. Maximal cyclic AMP accumula-
tion was attained in Ca”*-depleted cells after 150 min of
incubation. No cyclic AMP was detected in the medium
of toxin-treated cells during the first 45 min of incubation.
During the next 2 hr, cyclic AMP in medium from Ca®*-
depleted and Ca®*-restored cells was observed to increase
as a function of incubation time. Presumably, the cyclic
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FiG. 1. Accumulation of cyclic AMP with time in Ca**-depleted
and Ca**-restored C6 cells and the respective cyclic AMP content of
their extracellular fluids following addition of cholera toxin

Ca®*-depleted (O) or Ca**-restored (@) cells were challenged with 6
nM cholera toxin. Aliquots of cell suspension (1 ml) were removed at
the indicated times following toxin addition and centrifuged immedi-
ately at 1000 X g for 2 min at 4°. Cell pellets and extracellular fluids
were analyzed for cyclic AMP content. A, Cyclic AMP content of cells;
B, cyclic AMP content of extracellular medium.

AMP content of cell suspensions (cells plus extracellular
fluids) during the 1st hr of incubation is derived primarily
from the intracellular cyclic nucleotide pool, whereas at
later time points the cyclic AMP content of cell suspen-
sions represents the sum of the nucleotide content in the
cells and the accompanying extracellular fluids. The nu-
cleotide in the medium from Ca®*-restored cells was
slightly greater than that from Ca®*-depleted cells.

The cyclic AMP response to cholera toxin obtained in
C6 cells in the presence of Ca’* was similar in magnitude
to that reported by Nickols and Brooker (16, 17), but
faster and substantially greater in magnitude than that
observed by Fishman et al. (18). Presumably, variables
such as the absence or presence of methylisobutylxan-
thine in the incubation medium, cell preparation (mono-
layer or suspension), and growth conditions could ac-
count for such quantitative differences.

The cholera toxin concentration dependence of cyclic
AMP accumulation in Ca**-depleted and Ca**-restored
cells is illustrated in Fig. 2. The cyclic AMP contents of

075» 7/ L

e t

'§050-

=4

€

£

g

%.025— fl

3
o
_L_/IJ 'y 1
0 10 9 8

-LOG CHOLERA TOXIN (M)

F1G. 2. Cholera toxin concentration dependence of cyclic AMP
accumulation in Ca**-depleted or Ca®*-restored C6 cells

Varying concentrations of cholera toxin were added to Ca**-depleted
(O) or Ca®*-restored (@) cells, and the cyclic AMP content of cell
suspensions was determined after 60 min of incubation.
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cell suspensions were determined after incubation with
varying toxin concentrations for 60 min, a time period
during which (a) the cyclic AMP contents of the extra-
cellular medium are negligible and (b) differences in
cyclic AMP contents of the two cell preparations are
readily observed. With both preparations of cells, maxi-
mal and half-maximal cyclic AMP accumulation were
obtained with 4 nM and 1.2 nM cholera toxin, respectively.
The cyclic AMP content of Ca®*-restored cells, however,
was at least twice that of Ca®*-depleted cells at all toxin
concentrations tested, with the exception of controls
without added toxin.

The effect of extracellular Ca®>* concentration on the
cyclic AMP content of cells exposed to cholera toxin for
60 min was investigated (Fig. 3). Accumulation of cyclic
AMP was dependent on external Ca** concentration and
was maximal at approximately 1 mm added Ca®*. Since
the EGTA concentration in the external medium was 1
mp, it is probable that micromolar free Ca®* concentra-
tions provide maximal accumulation of cyclic AMP in
response to cholera toxin. External Ca®* concentrations
of 10 mM or greater were inhibitory (data not shown).

The time required for Ca®*, when added to Ca**-de-
pleted cells, to enhance cyclic AMP accumulation in
response to cholera toxin was examined (Fig. 4A). Ca®**-
depleted and Ca®*-restored cells were challenged with
toxin. At 37 min, one-half of the Ca**-depleted cell sus-
pension was treated with Ca’*; the other half was left
untreated. Cyclic AMP measurements were conducted
for all cell preparations through 70 min of incubation. As
discussed above, Ca®*-depleted cells accumulated cyclic
AMP much more slowly than did Ca®*-restored cells.
When Ca®* was restored to the Ca®*-depleted cells at 37
min, the time course of cyclic AMP accumulation shifted
to parallel that seen in Ca®*-restored cells. Similarly,
when EGTA was added in excess of medium Ca** to part
of a suspension of Ca’*-restored cells which had been
treated with toxin for 37 min (Fig. 4B), accumulation of
cyclic AMP with time became parallel with that observed
in Ca®**-depleted cells.
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Fic. 3. Extracellular Ca®* concentration dependence of cyclic
AMP accumulation in C6 cells in response to cholera toxin

Cells were treated in medium containing the indicated concentra-
tions of Ca** and subsequently challenged with 6 nM cholera toxin.
After 60 min of incubation with toxin, cell suspensions were analyzed
for cyclic AMP content. Basal cyclic AMP, 30 + 5 pmoles-mg of
protein™', was unaffected by external Ca®* concentrations.
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F1G. 4. Enhancement of cholera toxin-stimulated cyclic AMP ac-
cumulation in C6 cells by Ca®*

A preparation of Ca®*-depleted cells was suspended in medium
lacking Ca** and EGTA and was used for experiments of A and B.

A. Time dependence of Ca’* effect. Suspensions of cells were ad-
justed to contain either 1 mM EGTA (Ca®*-depleted; O) or 1 mm EGTA
and 3 mm Ca®" (Ca®*-restored; ®) and were challenged with 6 mm
cholera toxin. At 5-min intervals, aliquots of cell suspensions were
removed for cyclic AMP measurements. At 37 min following the addi-
tion of cholera toxin, the suspension of Ca**-depleted cells was divided
in half; one half was treated with 3 mm CaCl, (l) and the other half
with an equal volume of buffered saline. Sampling of all preparations
was continued to 70 min.

B. Time dependence of EGTA effect. Suspensions of cells in medium
containing 1 mm EGTA (O) or 0.2 mm Ca** (@) were each challenged
with 6 nM cholera toxin. At 5-min intervals, aliquots of cell suspensions
were removed for cyclic AMP measurements. At 37 min following the
addition of cholera toxin, the suspension of cells in Ca**-containing
medium was divided in half; one half was treated with 1 mm EGTA
(H) and the other half with an equal volume of buffered saline. Sampling
of all preparations was continued to 70 min. Each point in A and B
represents a cyclic AMP determination on a single cell sample.

Adenylate cyclase activity of Ca®*-depleted and Ca**-
restored cells treated with cholera toxin. It was desirable
to know whether the effect of Ca®* on cyclic AMP accu-
mulation was attributable to an increased rate of acti-
vation of adenylate cyclase by cholera toxin or to modi-
fication of another factor modulating cyclic AMP accu-
mulation in intact cells. In Table 1, the adenylate cyclase
activities and cyclic AMP contents of Ca”*-depleted and
Ca®*-restored cells treated with toxin for varying times
are compared. The adenylate cyclase activities of Ca®*-
depleted cells treated with toxin for either 30 or 60 min
were significantly lower than those of Ca®*-restored cells
treated with toxin for the same time periods. However,
after 2 hr of incubation with toxin, the enzyme activity
from both cell preparations was identical. Adenylate
cyclase activities were found to increase qualitatively in
parallel with the cyclic AMP contents of Ca®*-depleted
and Ca®*-restored cells treated with toxin for the same
time periods. It is probable, therefore, that Ca®* is nec-
essary for or enhances in some manner the activation of
adenylate cyclase of intact C6 cells by cholera toxin.

Effect of trifluoperazine on cholera toxin-stimulated
cyclic AMP accumulation. Stimulation of brain adenyl-
ate cyclase by CDR is inhibited competitively by phe-
nothiazines (19) and evidence has been provided that
these agents bind to CDR in a Ca®*-dependent manner
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TABLE 1

Adenylate cyclase activity and cyclic AMP content of Ca**-depleted
and Ca®*-restored cells treated for varying time periods with cholera
toxin

Ca®*-depleted and Ca’*-restored cells were challenged with 6 nm
cholera toxin. At the indicated times, aliquots of cell suspensions were
withdrawn for adenylate cyclase and cyclic AMP measurements. Cells
were separated from their extracellular fluids by centrifugation at 1000
X g for 2 min at 4°. Cell pellets were analyzed for cyclic AMP content.
For adenylate cyclase measurements, cells were resuspended in
buffered saline lacking Ca®* and EGTA and recentrifuged to remove
traces of EGTA or Ca** from the original extracellular medium. The
pellet of cells was resuspended in 10 mM imidazole, pH 7.5, containing
3 mM MgCl: and 1 mMm dithiothreitol to 0.1 volume of original cell
suspension. Cells were homogenized and aliquots of homogenate were
assayed for enzyme activity.

Time Adenylate cyclase activity Cyclic AMP content

with - - -
toxin Ca®*-de- Ca**-re- Ca®*-de- Ca®*-re-
pleted cells  stored cells  pleted cells  stored cells
1 in~! -

pmoles cyclic AME{min "€ pmoles.mg protein

0 402 41 = 1 23+ 6 32+4
30 49+ 2 62+ 1 47+ 2 98 + 6
60 873 120 + 2 130 + 3 530 + 20
120 130 £ 3 130+ 5 1200 + 10 1400 + 90

producing an ineffective Ca** - CDR - phenothiazine com-
plex (20). Norepinephrine-dependent cyclic AMP accu-
mulation in intact C6 cells is inhibited by trifluoperazine
in the presence, but not in the absence, of Ca®* (12). It
was of interest, therefore, to ascertain whether trifluo-
perazine affected cyclic AMP accumulation in response
to cholera toxin in these cells. The effect of increasing
concentrations of trifluoperazine on cyclic AMP accu-
mulation following 45 min of incubation with toxin in
Ca®*-depleted and Ca**-restored cells is depicted in Fig.
5. Accumulation of the nucleotide was progressively in-
hibited in both cell preparations as drug concentration

o
»
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to cholera toxin
o
(2]

(nmoles-mg protein
o
~nN

o
T

cAMP accumulation in response

I 1 1

0 5 10 15 20 25 30
TRIFLUOPERAZINE (uM)

Fi1G. 5. Effect of trifluoperazine concentration on cholera toxin-
stimulated cyclic AMP accumulation in Ca**-depleted and Ca**-re-
stored cells

Ca®*-depleted (O) and Ca®*-restored (@) cells were treated for 10
min with the indicated concentrations of trifluoperazine. Cholera toxin
(6 nM) was then added and cyclic AMP contents of cell suspensions
were determined after 45 min of further incubation. Basal cyclic AMP
content (27 + 2 pmoles-mg of protein~') was unaffected by Ca®* or by
trifluoperazine and has been subtracted from cyclic AMP contents of
toxin-treated cells.

04r

¢AMP, nmoles mg protein
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FiG. 6. Effect of trifluoperazine on the time course of cholera toxin-
elicited cyclic AMP accumulation in Ca**-depleted and Ca®*-restored
C6 cells

Cell suspensions were treated for 10 min with or without 30 um
trifluoperazine. Cholera toxin (6 nM) was then added to all preparations,
and aliquots of suspensions were removed at 20-min intervals. Cell
suspensions were centrifuged immediately and cell pellets prepared for
cyclic AMP measurements. Ca®*-depleted cells (O; A); Ca®*-restored
cells (@; A); without trifluoperazine (O; @); with trifluoperazine (4,
A).

was increased; at 30 uM trifluoperazine, the response to
toxin was virtually eliminated. The inhibition by high
concentrations of drug was, however, dependent on the
time of incubation with toxin. When Ca®*-depleted or
Ca®*-restored cells were treated with 30 uM trifluopera-
zine and incubated with toxin for varying time periods
(Fig. 6), it was observed that at least 60 min of incubation
were required before increases in cyclic AMP content
were detected. Thereafter, the cyclic AMP content of
both cell preparations increased, and maximal cyclic
AMP content was approached between 2 and 3 hr of
incubation. The extent of the shift in the time course of
cyclic AMP accumulation by triﬂuo?erazine appeared to
be similar for Ca®*-depleted and Ca**-restored cells.

—— /*' %

cAMPR, nmoles mg protein

S

[ - 1 1 1
0 0 20 30 40 50 60
MINUTES

F1G. 7. Influences of EGTA and trifluoperazine (TFP) on cyclic
AMP content of C6 cells pretreated with cholera toxin

One roller bottle culture of cells was washed twice with 40 ml of
Ham'’s F-10 medium to remove serum proteins and incubated for 90
min in 40 ml of Ham’s F-10 medium containing 6 nM cholera toxin.
Ca®*-restored cells in medium containing 1 mm EGTA and 3 mm Ca**
were then prepared as described under Materials and Methods. Cell
suspensions were warmed to 37° and then treated with either 5 mm
EGTA (O), 30 uM trifluoperazine (A), or saline (@). Samples of cells
(---) or of cell plus medium (——) were prepared for cyclic AMP
measurements at the indicated times of incubation.
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Activation of adenylate cyclase by cholera toxin is
widely believed to be irreversible (1, 2). It was therefore
of interest to test the effects of EGTA and trifluoperazine
on the cyclic AMP content of cells containing adenylate
cyclase which is fully activated by toxin. Cells in mono-
layer cultures were incubated for 90 min in Ham’s F-10
medium with cholera toxin. Ca®*-containing cells in sus-
pension were then prepared from the pretreated culture.
The cells alone or cells with their extracellular fluids
were assessed for cyclic AMP content throughout a 60-
min incubation period with no additions, or with EGTA
in excess of medium Ca** or with 30 uM trifluoperazine
added at the start of the incubation period (Fig. 7). The
cyclic AMP content of cells was constant throughout the
incubation. Trifluoperazine had no effect on cyclic AMP
content; EGTA addition resulted in a minor reduction in

MOLES ['2%1]CHOLERA TOXIN BOUND-MG PROTEIN™

Yy

F'— ya
Al T T T T T 77/ T

nucleotide content which was reproduced consistently in
other experiments. The cyclic AMP content of cell sus-
pensions rose slightly during the incubation period. T'ri-
fluoperazine was without effect, and the effect of EGTA
was minimal. It appears, therefore, that Ca** and trifluo-
perazine influence the process of activation of adenylate
cyclase by toxin, but do not significantly affect expression
of enzyme which is fully toxin-activated.

Cholera toxin binding studies. Interactions of ligands
of diverse classes with their receptor sites on isolated
membranes or on intact cells are recognized to be influ-
enced by divalent cations. Consequently, it was impor-
tant to determine whether Ca®* affected the cyclic AMP
response to cholera toxin by increasing either the affinity
or the number of cholera toxin binding sites. To investi-
gate these possibilities, binding of '*I-labeled cholera
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FiG. 8. Binding of '**I-labeled cholera toxin to Ca®*-depleted, Ca®*-restored, and trifluoperazine-treated C6 cells

Ca’*-depleted and/or Ca®*-restored cells were pretreated for 30 min at 25°. Unlabeled cholera toxin (0.5 uM) was added to half of each
preparation and the pretreatment was continued an additional 10 min.

A. Binding of '*I-labeled cholera toxin to Ca®*-depleted and Ca®*-restored cells as a function of cholera toxin concentration. '*I-labeled
cholera toxin in increasing concentrations was added, and binding to cells was assessed after 20 min of incubation at 25°. Nonspecific binding
(A; A) is defined as the residual binding obtained after pretreatment of cells with unlabeled toxin. Specific binding (O; @) is taken to be the
difference between total binding and nonspecific binding. Ca?*-depleted cells (O; A); Ca®*-restored cells (@, A).

B. Binding of '®I-labeled cholera toxin to Ca®*-depleted and Ca®*-restored cells as a function of time. '*I-Labeled cholera toxin (2.5 nM) was
added and specific binding was assessed at the indicated times. Ca*-depleted cells (O); Ca**-restored cells (®). Nonspecific binding, 8 fmoles-mg
of protein~', was constant throughout the incubation period.

C. Effect of trifluoperazine on the cholera toxin concentraton dependence of '*I-labeled cholera toxin binding. Ca®*-restored cells were divided
in half; 30 uMm trifluoperazine was added to one half and saline to the other half. After 10 min of incubation, '*I-labeled cholera toxin in increasing
concentrations was added and binding was assessed following 20 min of incubation with toxin. Specific binding (O, ®); nonspecific binding (4,
A); without trifluoperazine (O, A); with trifluoperazine (@, A).

D. Effect of trifluoperazine on the time dependence of '*I-labeled cholera toxin binding to C6 cells. Ca®*-restored cells were divided in half; one
half was treated with 30 um trifluoperazine and the other half with an equivalent volume of saline. After 10 min of incubation with drug, '*I-
labeled cholera toxin (2.5 nmM) was added and specific binding was assessed at the indicated times. Without trifluoperazine (O); with trifluoperazine
(@). Nonspecific binding, 6 fmoles- mg of protein~', was constant throughout the incubation period.
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toxin to Ca®*-depleted and Ca**-restored cells was mea-
sured (Fig. 8). Cholera toxin binding was found to be
specific and saturable (Fig. 8A). Ca®* depletion of cells
had no effect on either specific or nonspecific binding of
iodinated toxin. Maximum specific binding (50 fmoles-
mg of protein~') was observed with 5 nM toxin, with an
apparent dissociation constant of 1.5 nM being obtained
by using either Ca**-depleted or Ca®*-restored cells. Max-
imal toxin binding was obtained in 5 min at 25° (Fig. 8B).
The time course of toxin binding was similarly unaffected
by Ca®*. It was also of interest to ascertain whether
trifluoperazine influenced cholera toxin binding. It was
found that trifluoperazine had no effect on the cholera
toxin concentration dependence of specific toxin binding
or nonspecific binding (Fig. 8C). The time course of
cholera toxin binding was also unaffected by the drug
(Fig. 8D).

Effect of norepinephrine on cyclic AMP accumulation
in cholera toxin-treated glial tumor cells. Accumulation
of cyclic AMP by glial tumor cells in response to beta
adrenergic agonists has been extensively characterized.
C6 cells (17) and human astrocytoma cells (21) have been
shown to accumulate cyclic AMP in response to isopro-
terenol after pretreatment with cholera toxin, although
cyclic AMP accumulation was reduced. Cholera toxin
pretreatment decreased the apparent K,. for agonists
but did not alter beta-receptor number or antagonist
binding. It therefore appears that toxin increases the
efficiency of the coupling of the hormone receptor to the
catalytic moiety of adenylate cyclase (21). In view of the
observations (a) that norepinephrine stimulation of cyclic
AMP accumulation in C6 cells is Ca®*-modulated (12)
and (b) that cyclic AMP accumulation in cholera toxin-
pretreated cells is mostly Ca®*-independent (Fig. 7), it
was of interest to determine whether the further cyclic
AMP accumulation elicited from toxin-pretreated cells
in response to catecholamine was influenced by Ca®*.
Cells were pretreated for 90 min in Ham’s F-10 medium
containing cholera toxin. Following the pretreatment pe-
riod, Ca’**-depleted and Ca®*-restored cells were pre-
pared. Suspensions of cells were incubated for 20 min
with increasing concentrations of norepinephrine, and
the cyclic AMP contents of cells alone and of cells with
their extracellular fluids were measured (Fig. 9). Norepi-
nephrine increased the cyclic AMP content of the cells
over that initially present. In agreement with previous
reports, the response to norepinephrine was reduced
when compared with that of nonpretreated cells, and the
apparent K,. was decreased approximately 10-fold (for
the nonpretreated controls, see ref. 12, Fig. 1). However,
the accumulation of cyclic AMP by Ca**-restored cells in
response to a range of norepinephrine concentrations was
twice that of Ca**-depleted cells. Cholera toxin pretreat-
ment, therefore, did not appear to modify the effect of
Ca®* on beta-receptor-mediated cyclic AMP accumula-
tion.

Ca** dependence of cholera toxin-stimulated cyclic
AMP accumulation in diverse cell types. Activation of
adenylate cyclase or enhancement of cellular cyclic AMP
content by cholera toxin has been documented for a
variety of vertebrate cells or tissues. CDR-stimulated
adenylate cyclase in mammalian tissue, however, has
thus far been reported only for brain (8, 9, 11), regener-

[,- = 1 ' : -‘
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Fi1G. 9. Norepinephrine concentration dependence of cyclic AMP
accumulation in Ca®*-depleted and Ca**-restored cells prepared from
a cholera toxin-pretreated culture

Cholera toxin-pretreated cells were prepared as described in the
legend to Fig. 7. Ca®*-depleted and Ca®*-restored cells were then
prepared from the pretreated culture and were challenged with the
indicated concentrations of norepinephrine. After 20 min of incubation
with catecholamine, cells alone (O, @) or cells and extracellular fluids
(A, A) were analyzed for cyclic AMP content. Ca®*-depleted cells (O,
A); Ca**-restored cells (@, A).

ating rat liver (22), pancreatic islets (23), and heart (24).
It was unclear whether the Ca®* dependence of cholera
toxin-stimulated cyclic AMP accumulation described
here was restricted to the C6 cell or could be observed in
other cell types. For this reason, four other cultured cell
types were examined for a stimulatory effect of Ca** on
cyclic AMP accumulation in response to cholera toxin
(Table 2). Cells of each culture type were pretreated with
1 mm EGTA or with 1 mm EGTA and 3 mm Ca®*, and
cyclic AMP accumulation in response to toxin was ex-
amined. EGTA-pretreated preparations of glial tumor,
neuroblastoma, neuroblastoma-glioma, anterior pituitary
tumor, and Chinese hamster ovary cells accumulated
cyclic AMP more slowly than did Ca®*-pretreated cells.
The Ca®** dependence of the initial cyclic AMP response
to cholera toxin, therefore, is not restricted to a single
cell type and may be of general significance.

DISCUSSION

The results provided in this report demonstrated that
cyclic AMP accumulation in response to cholera toxin in
intact C6 cells is a Ca®**-modulated process. The effects
of Ca** on toxin-stimulated cyclic AMP accumulation
are in many respects comparable to Ca®* effects on
norepinephrine-stimulated cyclic AMP accumulation in
the same cell line (12). For example, equimolar concen-
trations of Ca** and EGTA in the external medium are
sufficient to restore to Ca’*-depleted cells the rates of
cyclic AMP accumulation in response to toxin or to
norepinephrine found for Ca®*-restored controls. Assum-
ing a K, for Ca** .EGTA at pH 7.5 of 0.1 um (25), free
Ca** concentrations under these conditions should be in
the micromolar range which is typical of free Ca** con-
centrations believed to exist in intracellular fluids. Sec-
ond, Ca** does not alter the concentrations of toxin or of
catecholamine which promote maximal or half-maximal
cyclic AMP responses. Third, Ca** effects on the cyclic
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TABLE 2

Effect of Ca®* on cholera toxin-stimulated cyclic AMP accumulation
in cultured cells

All cells detached readily from growing surfaces upon incubation at
37° with buffered saline containing EGTA. Consequently, suspensions
in EGTA were prepared from each cell type according to the protocol
described for C6 cells under Materials and Methods. Cells were pre-
treated with or without Ca** and then challenged with 6 nm cholera
toxin. Aliquots of cell suspensions were withdrawn at regular time
intervals and analyzed for cyclic AMP content. After examination of
time courses of cyclic AMP accumulation following cholera toxin, time
points were selected at which the cyclic AMP content of Ca®*-pre-
treated cells was observed to be half of the maximal cyclic AMP content
obtained with toxin in such cells. Basal cyclic AMP contents (pmoles-
mg of protein~') for EGTA-pretreated and Ca’*-pretreated cells, re-
spectively, were: glial tumor cells, 20 + 2 and 25 * 3; neuroblastoma, 48
+ 3 and 45 * 3; neuroblastoma-glioma, 84 + 4 and 70 * 3; anterior
pituitary tumor, 100 + 4 and 94 % 4; and Chinese hamster ovary cells,
30 £ 1and 27 £ 2.

Cell type Time of Cyclic AMP content
exposure
to toxin Cells pre- Cells pre-
treated with  treated with
EGTA Ca**
min pmoles-mg protein™'
Glial tumor (C6) 50 140 + 10 510 + 50
Neuroblastoma (neuro
2A) 45 270 + 20 470 £ 20
Neuroblastoma-glioma
(NG 10815) 40 630 + 100 1150 + 30
Anterior pituitary tumor
(GH;) 20 1000 + 50 1750 £ 100
Chinese hamster ovary
(CHO) 90 150 + 20 710 £ 10

AMP response to either agent are rapid and are quickly
reversed by EGTA concentrations in excess of the Ca®*
in the medium, implying that protein synthesis is unlikely
to mediate these effects. Finally, the norepinephrine re-
sponse of cells pretreated with either toxin or norepi-
nephrine is Ca’*-modulated. The similarities in Ca®*
effects on cyclic AMP accumulation in response to these
two agents suggest that Ca®* influences cyclic AMP
formation in a manner which is not agonist-specific.

The reversibility of the stimulation of adenylate cy-
clase by catecholamines made it technically difficult to
obtain evidence that the effect of Ca®** on the enhance-
ment by norepinephrine of cyclic AMP accumulation in
intact cells was expressed at the level of adenylate cy-
clase. Cholera toxin treatment, however, provides an
irreversible activation of adenylate cyclase in vivo; con-
sequently, the enzyme activity in homogenates of Ca**-
depleted and Ca®*-restored cells treated with toxin for
varying time periods could be assessed. Increases in
adenylate cyclase activity in cell-free preparations cor-
related with the increases observed in the cyclic AMP
content of the cells used in preparing the enzyme (Table
1). It appears, therefore, that Ca®>* acts on adenylate
cyclase in a fashion which enhances the rate at which
the enzyme is activated by toxin in intact cells.

The exact mechanism, however, by which Ca** facili-
tates the effects of cholera toxin on adenylate cyclase
remains in doubt. It appears that at least two potential
mechanisms may be ruled out. First, neither the extent
of toxin binding nor the affinity for toxin of its cell surface

receptor is increased by Ca®* (Fig. 8). Second, since the
ATP contents of Ca’*-depleted and Ca**-restored cells
are identical (12), the adenylate cyclase activity of Ca®*-
depleted cells is not limited by substrate concentration.
There are alternative mechanisms by which activation
could be influenced. For example, the rate of entry of the
A, fragment of toxin into the cytoplasm could be delayed
in Ca®*-depleted cells. The classic “lag phase” in the time
of appearance of the cyclic AMP response to toxin (15-
20 min in the case of Ca?*-restored C6 cells) is believed
to be due to penetration of the A, fragment (1, 2).
However, addition of Ca** to Ca**-depleted cells treated
with toxin for 37 min produced a rapid increase in cyclic
AMP accumulation (Fig. 4A), suggeting that the active
fragment of toxin was already present in nonlimiting
concentrations in the cytoplasm. Furthermore, addition
of EGTA to toxin-treated, Ca®*-restored cells at a time
when active fragments should have gained access to the
cytoplasm (37 min) retarded cyclic AMP accumulation
(Fig. 4B). A second hypothesis to be considered is that
ADP ribosylation of the guanine nucleotide regulatory
subunit of adenylate cyclase requires Ca®*. Although
Ca®* increases the rate of irreversible enzyme activation
by toxin, these data do not distinguish between facilita-
tion of ADP ribosylation of the regulatory subunit of
adenylate cyclase or an irreversible modification by Ca**
of the ADP-ribosylated enzyme complex. The NAD gly-
cohydrolase and ADP ribosyltransferase activities of
cholera toxin have been studied by Moss and co-workers
(26, 27) under carefully defined in vitro conditions in
which NAD* and arginine, respectively, were used as
substrates; nothing in these studies would suggest that
Ca®* is required for either activity. These observations,
however, do not necessarily preclude a Ca®* involvement
in ADP ribosylation of the guanine nucleotide regulatory
component of adenylate cyclase of intact cells by toxin.
Clearly, more detailed studies with the components of
the adenylate cyclase system are needed to determine
whether such mechanisms exist. Third, the hypothesis
that Ca®* enhances the coupling efficiency of cell surface
receptors to adenylate cyclase seems improbable, since
maximally effective toxin (Fig. 2) or norepinephrine (12)
concentrations are not reduced by Ca®'. It is also of
interest that cholera toxin pretreatment, which is pro-
posed to increase the efficiency of coupling of beta-recep-
tors to catalytic units (20), did not change the Ca**
dependence of the cyclic AMP response to catecholamine
(Fig. 9), implying that changes in coupling efficiency do
not necessitate changes in Ca®* requirements.

Moss and Vaughan (10) described the conditions under
which a detergent-solubilized and partially purified aden-
ylate cyclase of brain is activated by cholera toxin. Both
the process of enzyme activation and full expression of
the activated enzyme required CDR. Since CDR is the
only intracellular Ca®* receptor recognized to enhance
adenylate cyclase activity, this protein must be seriously
considered in a discussion of the effects of Ca** described
in this report. Three pieces of evidence favor a role for
CDR in mediating these effects. First, the association of
the Ca®*.CDR complex with enzymes is believed to be
rapid and reversible upon removal of Ca®** (28). The
effect of Ca®>* on cholera toxin-stimulated cyclic AMP
accumulation in C6 cells was rapid and quickly reversed
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by EGTA. Second, the basal and norepinephrine-stimu-
lated adenylate cyclase activities of particulate fractions
of C6 cells are enhanced by CDR (11). Third, cyclic AMP
accumulation in response to toxin was retarded by mi-
cromolar concentrations of trifluoperazine, an agent
which binds to CDR in a Ca®*-dependent manner and
competitively inhibits the activation of enzymes by CDR
(20). In the previous study (12), it was observed that
norepinephrine-stimulated cyclic AMP accumulation in
C6 cells behaved as if two components contributed to the
process: one Ca**-dependent and the other Ca**-indepen-
dent. Only the Ca**-dependent component of the norepi-
nephrine response was inhibited by trifluoperazine, in
accord with the observation that phenothiazines compet-
itively inhibit CDR-dependent activation by formation
of the ineffectual Ca®*.CDR-phenothiazine species. In
contrast, cyclic AMP accumulation in response to toxin
was slowed by trifluoperazine both in Ca®*-depleted and
in Ca®*-restored cells. This finding implies either that the
drug effect is Ca’*-independent or, more likely, that
toxin-stimulated cyclic AMP accumulation occurs at the
very low free Ca®* concentrations found in Ca**-depleted
cells.

All of the five types of cultured cells examined for
increased cyclic AMP accumulation following cholera
toxin treatment required Ca®* for a rapid onset of acti-
vation. It seems likely, therefore, that the enhancement
of cyclic AMP accumulation in intact cells by Ca** may
be a general phenomenon. Although a CDR-dependent
inhibition of Chinese hamster ovary cell adenylate cy-
clase has been reported (29), the effects of Ca** and CDR
on cyclic nucleotide metabolism have not been exten-
sively investigated for these cell types. Although the role
of CDR, if any, in mediating the effects of Ca** on cholera
toxin activation in these cell types cannot be presently
defined, the possibility exists that their adenylate cyclase
moieties contain a nondissociable CDR component by
analogy with phosphorylase & kinase (30). If so, the
affinity of such complexed CDR for Ca** could be much
higher than that of free CDR.

Because the adenylate cyclase activity of C6 cell ho-
mogenates is enhanced to a small extent by CDR (11), it
will be of interest to investigate the effects of Ca®* and
CDR on cholera toxin activation of the enzyme directly.
It is anticipated that such investigations will shed light
on the question of whether the Ca®* effects on the cholera
toxin responses of intact cells reported here are mediated
via a CDR-dependent mechanism.
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