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SUMMARY

BrowniNg, Epwarp T., Groppi, VINCENT E., JR., AND KoN, CHRISTINE: Papaver-
ine, a potent inhibitor of respiration in C-6 astrocytoma cells. Mol. Pharmacol. 10,
175-181 (1974).

Papaverine was used as an inhibitor of cyclic nucleotide phosphodiesterase in C-6 astrocy-
toma cells. That the diesterase was inhibited is suggested by the result that papaverine to-
gether with norepinephrine elevated the adenosine cyclic 3’,5’-monophosphate (cAMP) level
more than did norepinephrine alone. Papaverine alone induced 3 times as much glycogen
breakdown as did norepinephrine in 10 min, but did not cause cAMP elevation after this
10-min period. The adenine nucleotide content of these cells was analyzed with the purpose
of accounting for the rapid glycogenolysis. Papaverine lowered creatine phosphate and
ATP to 3% and 38 %, respectively, of control values, whereas ADP and 5’-AMP were in-
creased complementary to the ATP decline at the end of 10 min. Decreased creatine phos-
phate was apparent by 0.5 min after papaverine addition, whereas changes in adenine
nucleotides occurred later. Conversion of phosphorylase b to phosphorylase a also occurred.
Papaverine inhibited respiration in C-6 cells 50% at 5 um and 90 % at 0.5 mM, which ac-
counted for the effect of papaverine on the phosphoryl energy carriers. These results demon-
strate that the site of action of papaverine in C-6 astrocytoma cells is not limited to cyclic
nucleotide phosphodiesterase. The data suggest that papaverine be used only with great
caution as an inhibitor of this enzyme in cellular experimental systems.

Papaverine is an alkaloid derived from
opium and has long been used to relax
smooth muscle, particularly muscle in spasm
(1). Recently papaverine has been shown to
inhibit cyclic nucleotide phosphodiesterase
in several tissues (2-7), and it has been
proposed (3, 4) that this action of papaverine
isrelated to the relaxation of smooth muscle.
During experimentation in this laboratory
in which the adenosine cyclic 3’,5-mono-
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phosphate and glycogen contents of C-6
astrocytoma cells were measured, papaverine
was employed as a phosphodiesterase in-
hibitor. Papaverine caused 3-fold more glyco-
genolysis than did norepinephrine after 10
min of incubation, although papaverine did
not increase ¢cAMP.! During analysis of
adenine nucleotides of C-6 cell extracts, in
search of an explanation for the glycogenol-
ysis, marked reductions in the cellular high-
energy phosphate stores were noted. It is

1 The abbreviation used is: cAMP, adenosine
cyclic 3’,5’-monophosphate.
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TaBLE 1

Effect of previous norepinephrine treatment on response of C-6 astrocytoma cells to
norepinephrine and papaverine

Coverslip samples of cells were washed four times with 5 ml of Ham’s F-10 medium and incubated
for3hrin3 mlof Ham’s F-10 medium at 37° under an atmosphereof 5%, C0:-95% air in the presence
or absence of 0.1 mM norepinephrine. Cells were then washed as before and incubated for 1 hr without
hormone. One group of samples was fixed at this point in the procedure. The remaining samples were
incubated for an additional 10 min with or without 0.1 mM norepinephrine and/or 0.5 mM papaverine.
Incubations were terminated by transferring coverslip samples to beakers containing 1 ml of cold 5%
trichloracetic acid. After 10 min the slips were transferred to 1 ml of sodium hydroxide to solubilize
protein and glycogen. Values are means =+ standard errors for the number of samples shown in paren-

theses.

Incubation procedure cAMP Glycogen
3-hr incubation 1-hr incubation ~ 10-min incubation with
with (4) or without nor-  (+) or without (—) drug
without (—) epinephrine
norepinephrine Norepineph- Papaverine
rine
pmoles/mg protein nmoles/mg
protein
A + + 0 0 55+ 1.7 (6) 44 + 2.7 (6)
B - + - - 5.2+ 0.8 (6) 48 + 4.0 (6)
- + + - 1250 =91 (6) 30 + 3.0 (6)
C + + - - 9.0 £ 3.7 (5) 43 + 1.2 (6)
+ + - + 8.7+ 1.2 (6) 10 & 0.6 (6)
+ + + - 24 + 1.2 (6) 34 + 3.8 (6)
+ + + + 122 +12 (6) 10 £ 1.6 (6)

the purpose of the present paper to describe
these changes and to demonstrate that
papaverine is a potent inhibitor of respira-
tion in these cultured cells.

Unless indicated below, methods and ma-
terials were the same as described elsewhere
(8.

A commercial oxygen electrode apparatus
(Yellow Springs Instrument Company, oxy-
gen electrode assembly, models 5331, 5093,
and 5301) was modified for the present
studies. The magnetic stirring bar of the
chamber was replaced by a cylindrical Teflon
bar made by filing the fins off a 34-inch
Spin Fin (Bel Art Products, F37125) to
produce a cylindrical or disc-shaped stirring
bar which was slightly smaller in diameter
than the chamber. The electrode polariza-
tion and sensitivity were controlled as de-
scribed by Estabrook (9). Finally, a cello-
phane membrane was placed between the
usual Teflon membrane and the electrode
tip to stabilize the electrode signal (10),

displayed on a Honeywell Electronik 194
recorder. Routinely, the scale was expanded
5-fold, and zero was suppressed appropriately
in order to display the oxygen signal.
Samples of cells adherent to one side of
round glass coverslips, 18 mm in diameter,
were placed on top of the stirring disc.
Frictional and/or capillary forces were suf-
ficient to cause the coverslip to rotate with
the stirring disc.

Papaverine was obtained as the hydro-
chloride from Eli Lilly and Company or as
the free base from Sigma Chemical Com-
pany. Papaverine hydrochloride was dis-
solved in water to give a 30 mm solution;
the free base was mixed with an equimolar
amount of HCI. This amount of acid did not
alter the pH of the incubation fluid.

The first observations of the present com-
munication were incidental to ones on the
effects of norepinephrine on C-6 astrocy-
toma cells (8). Cells were treated with
norepinephrine for 3 hr and allowed to re-
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gain control levels of cAMP and glycogen
for 1 hr. Cells were then re-exposed to
norepinephrine in the presence or absence
of papaverine, and effects on cAMP and
glycogen content of the cells were examined.
The responses to norepinephrine (Table 1,
A and B) were the same as those in experi-
ments described elsewhere (8). Briefly, the
cells elevated cAMP greatly when first
exposed to norepinephrine but not when
treated a second time, 4 hr later. A moderate
decrease in glycogen content occurred in
both instances after norepinephrine. Papav-
erine had no effect on the cAMP level in cells
previously exposed to norepinephrine (Table
1, C), but papaverine together with norepi-
nephrine caused cAMP to be elevated sub-
stantially more than did norepinephrine
alone (Table 1, C). These results suggested
that papaverine inhibited cyclic nucleotide
phosphodiesterase in these cells. However,
papaverine caused more extensive glyco-
genolysis than did norepinephrine (Table 1,
C). In the presence of norepinephrine alone
glycogen was decreased by 10 nmoles/mg
of protein during 10 min of incubation,
whereas in the presence of papaverine glyco-
gen was decreased by 34 nmoles/mg. In
the presence of both drugs glycogen break-
down was the same as with papaverine
alone. Thus papaverine caused the glycogen
content of the cells to decrease by 3.4 times
as much as did norepinephrine.

Because cAMP was not increased after 10
min of incubation with papaverine, the
levels of 5’-AMP in trichloracetic acid ex-
tracts from these cells were assayed to
check for elevated 5'-AMP as the stimulant
to glycogenolysis. Papaverine caused the 5’-
AMP content to increase from 1 to 6
nmoles/mg of protein, and caused ADP to
increase from 1 to 9 nmoles/mg. The drug
caused the ATP content of the cells to de-
crease from 26 to 10 nmeles/mg of protein
and led to almost complete depletion of
creatine phosphate (from 27 to 1 nmole/mg
of protein) during the 10-min incubation
described in Table 1. An evaluation of the
time course of the changes in these phos-
phoryl energy carriers is presented in Fig. 1.
Coverslip samples of cells were incubated for
periods of 0.5-10 min with or without 0.5 mn
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Fi1G. 1. Effect of papaverine on adenine nucleotide
and crealine phosphate content of C-6 astrocytoma
cells

All cells were incubated for 3 hr in the presence
of norepinephrine, then washed and incubated for
1 hr without hormone as described in Table 1.
Cells were then incubated for 0.5-10 min in the
presence or absence of 0.5 mM papaverine as indi-
cated. Incubations were terminated by trans-
ferring coverslip samples of cells to 5% trichlor-
acetic acid. Data represent means from two ex-
periments, each of which included triplicate
incubation samples. ——, papaverine-treated
samples; - - -, controls; @ and O, creatine phos-
phate; A and A, ATP; B and O, ADP; ¢ and O,
AMP.

papaverine, and the cell extracts were ana-
lyzed for adenine nucleotides, creatine phos-
phate, glycogen, and protein. Results in Fig.
1 show the kinetics of changes in high-
energy phosphate stores. Creatine phos-
phate was significantly depressed within 0.5
min after papaverine addition; by 2 min it
was 75 % decreased, and at 10 min it was
96 % decreased. ATP was not decreased 0.5
min after papaverine addition but was de-
creased later, reaching approximately 40 %
of the initial value after 10 min. ADP rose
during the first 5 min of the experiment, then
appeared to level off at a concentration 3
times the control value. 5'-AMP remained
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TABLE 2
Effect of papaverine on respiration by C-6
astrocytoma cells

Coverslip samples of cells were removed from
growth medium (8), washed once with 5 ml of
Ham’s F-10 medium, and incubated for 10 min in
2 ml of this fluid in the oxygen electrode apparatus
described in the text. The Ham’s F-10 medium
was equilibrated with 5%, CO04+95% air prior to
the incubation. Papaverine was present for the
entire incubation at the concentrations indicated.
Data represent the results of two experiments,
each of which included two or three replicate
incubation samples.

Papaverine Respiratory rate Inhibition
natoms oxygen/min/m,
x i
0 11.8
1 X 1077 11.5 3
1X 10°¢ 10.0 15
5 X 10°¢ 5.9 50
1 X 107 4.0 66
1 X 10 1.9 84
5 X 10 1.1 90

constant for the first 0.5 min of incubation,
then rose at an increasing rate during each
subsequent interval, reaching 40 times the
initial value by 10 min. cAMP was increased,
from 4-6 pmoles/mg of protein in control
samples, to 10-12 pmoles/mg, in papaverine-
treated samples in these experiments (data
not in figure).

The effect of papaverine on the phosphoryl
energy carriers of C-6 cells has demonstrated
a clear interaction of papaverine with the
energy metabolism of these cells. The ob-
served changes were expected to be coupled
to a change in respiratory rate by one of
three mechanisms. Papaverine might inhibit
respiration, might stimulate respiration by
uncoupling oxidative phosphorylation, or
might stimulate respiration indirectly be-
cause of the increased ADP content of the
cells. The effect of papaverine on respiration
by C-6 cells adherent to coverslips was
“evaluated using the modified oxygen elec-
trode apparatus described above. C-6 cells
were incubated in the absence or presence of
papaverine at concentrations from 0.1 to
500 um (Table 2). Respiration was inhibited
by papaverine in a dose-related manner.
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Fifty per cent inhibition of respiration
occurred at 5 uM papaverine; 90 % inhibition
occurred at 0.5 mM papaverine, the dose
used in previous experiments. This effect of
papaverine accounts for the changes in
phosphoryl energy stores of these cells.

The amount of glycogen breakdown during
10 min caused by papaverine in the experi-
ments of Table 1 exceeded by a factor of 3
that initiated by norepinephrine. The time
courses of the glycogenolysis caused by the
two agents were therefore compared (Fig. 2).
The rate of glycogen breakdown was non-
linear, as in past experiments (8). Papaverine
indeed caused glycogenolysis to proceed
more rapidly than did norepinephrine.
During the first 5 min the average rate of
glycogen breakdown was 4.5 nmoles/min/mg
of protein in the presence of papaverine, and
during the first 10-min interval it was 2.9

50
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F1a. 2. Effect of norepinephrine and papaverine
on glycogen content of C-6 astrocytoma cells

Coverslip samples of cells were removed from
growth medium, washed, and incubated for 3 hr in
the absence of norepinephrine as described in
Table 1. Papaverine (0.5 mM) or norepinephrine
(0.1 mm) was then added, and the cells were incu-
bated for the times indicated. Incubations were
terminated by transferring the coverslip samples
to 5% trichloracetic acid. Data represent means
from two experiments, each of which included
duplicate incubation samples.
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F1a. 3. Effect of papaverine on phosphorylase a
activity of C-6 astrocytoma cells
Coverslip samples of cells were removed from
growth medium, washed, and incubated for 3 hr
in the absence of norepinephrine as described in
Table 1. Papaverine (0.5 mM) was then added, and
the cells were incubated for the times indicated.
Incubations were terminated by freezing coverslip
samples in liquid nitrogen (8). Cells were disrupted
for phosphorylase assay by sonication (8). Data
represent means from two experiments, each of
which included duplicate incubation samples.

o

nmoles/min/mg. No 5-min data were ob-
tained for norepinephrine, but during the
first 10 min a smaller decrease occurred,
representing an average rate of 1.7 nmoles/
min/mg of protein. In the second and third
10-min intervals of the experiment the rate
of glycogenolysis was not greatly different in
the presence of the two agents; however, pa-
paverine-treated samples contained smaller
amounts of glycogen at these times be-
cause of the more extensive glycogenolysis
during the first 10 min. It is concluded that
papaverine causes more rapid glycogenolysis
over-all than does norepinephrine. However,
it must be acknowledged that glycogen
breakdown may occur at least as rapidly
in the presence of norepinephrine during
certain time intervals, either because of
more rapid phosphorylase activation (see
below) or as a result of higher glycogen con-
centrations.

The effect of papaverine on the phos-
phorylase b and a content of the C-6 cells
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was assessed. Cells were incubated for inter-
vals from 5 sec to 5 min; incubations were
terminated by freezing coverslip samples of
cells in liquid nitrogen. The percentage of
total phosphorylase activity occurring in the
absence of 5-AMP was used as an index of
the phosphorylase a activity of the cells.
One minute after papaverine addition the
enzyme was more than one-half converted to
phosphorylase a, and by 2 min conversion
was complete (Fig. 3). The enzyme retained
approximately 25% dependence on added
5-AMP, which is typical of phosphorylase a
(11). Interestingly, a lag of approximately
15 sec occurred before a change in 5-AMP
dependence of the enzyme was apparent.
This differed from the past observation of
norepinephrine activation of phosphorylase,
wherein phosphorylase was more than one-
half converted to the a form during the first
15 sec of incubation (8). Also, the rate of
conversion of the phosphorylase, once ini-
tiated, was slower than that seen previously
with norepinephrine (8). Nonetheless, the
phosphorylase a formation described in the
present experiment is sufficiently rapid that
the glycogenolysis caused by papaverine is
attributed to phosphorylase a rather than
to phosphorylase b.

The effects of papaverine described above
suggest more than one site of action of this
drug in C-6 astrocytoma cells. Papaverine
potentiated the effect of norepinephrine on
the cAMP level of these cells, suggesting a
site of action at cyclic nucleotide phospho-
diesterase as has been demonstrated for other
tissues (2-7). Later experiments showed a
clear effect of papaverine on respiration.
Present knowledge of these effects does not
indicate a common site of action for papaver-
ine in causing the two effects.

The effects of papaverine in the present
cells—inhibition of respiration and disrup-
tion of energy metabolism—signal caution
in the use of this drug as an inhibitor of
cyclic nucleotide phosphodiesterase in cellu-
lar experimental systems. The effect of
papaverine on respiration is not limited to
the present cells; inhibition of respiration
in rat liver mitochondria has been observed.?
Kisin (12) has reported that papaverine

2 E. T. Browning, unpublished observations.
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lowered the creatin phosphate level in cat
heart and depressed oxidative phosphoryla-
tion. However, the effect of papaverine on
respiration is probably not general among
cyclic nucleotide phosphodiesterase inhibi-
tors. In experiments similar to those re-
ported here, 1-methyl-3-isobutylxanthine,
a potent phosphodiesterase inhibitor, did
not increase the 5-AMP content of C-6
astrocytoma cells (8), suggesting that this
inhibitor did not significantly disrupt the
energy metabolism of these cells.

The hypothesis has been advanced that
inhibition of cyclic nucleotide phosphodi-
esterase comprises the site of action of pa-
paverine in vascular smooth muscle (3, 4).
Although extrapolation from the present
results to observations in smooth muscle is
not justified, it may be pointed out that
concentrations of papaverine which have
been used to relax vascular smooth muscle
maximally [290 uMm (3, 13)] inhibit respiration
of C-6 astrocytoma cells 90 %; concentra-
tions which produce a small degree of re-
laxation in vascular smooth muscle [12 uMm
(3, 13)] inhibit respiration of C-6 astrocy-
toma cells 70 %.

An interesting feature of the experiments
reported here is the observation that phos-
phorylase was converted from the b to the a
form. That this conversion was not an arti-
fact due to the increased 5-AMP occurring
in the cells is demonstrated by the fact that
“‘phosphorylase conversion” was complete
at 2 min, before 5-AMP concentration in-
creased significantly (Fig. 1). The cellular
5-AMP present at 2 min after papaverine
addition contributed only 30 nm 5-AMP to
the phosphorylase assay mixture. This 5'-
AMP concentration is comparable to that
contributed by 5'-AMP contaminating assay
reagents (8) and is three orders of magnitude
lower than that causing half-maximal stimu-
lation of phosphorylase b in rabbit skeletal
muscle (11).

The conversion of phosphorylase to the a
form occurred over a somewhat longer time
course than did the phosphorylase conver-
sion caused by norepinephrine (8), and there
was an approximately 15-sec lag between
the time of papaverine addition and the
beginning of the phosphorylase conversion.
The phosphorylase kinase of skeletal muscle
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and brain may be converted to a form which
is active at physiological pH by a cAMP-
dependent phosphorylation. However, phos-
phorylase kinase also requires Ca*+ whether
the enzyme is in the nonactivated or the
activated form (see ref. 8 for discussion).
cAMP is not elevated by papaverine. It
would appear either that the phosphorylase
kinase becomes phosphorylated more slowly
in the presence of the papaverine because of
the low cAMP concentration, or that this
enzyme is already in a partially phos-
phorylated state in both the absence and
presence of papaverine and the rate-limiting
factor in the activation of phosphorylase is
the Ca*+ concentration of the cytosol. Mito-
chondria normally contain Catt, which is
accumulated by an energy-dependent mech-
anism (14). Upon inhibition of respiration by
papaverine, Ca++ might be expected to exit
from mitochondria and elevate the cytosolic
Ca*+ concentration, thereby stimulating
phosphorylase kinase. Catt-loaded mito-
chondria are known to release Ca** in the
presence of uncouplers of oxidative phos-
phorylation (15).

The glycogenolysis which follows phos-
phorylase a formation caused by papaverine
proceeds at a greater rate than occurs after
phosphorylase a formation caused by norepi-
nephrine. This point is discussed further
elsewhere (8), with the conclusion that the
increased inorganic phosphate concentration
which is likely to occur in papaverine-
treated cells may account for the increase in
glycogenolytic flux. However, during the
first minute or so after addition of norepi-
nephrine or papaverine, it is quite possible
that glycogen breakdown due to norepi-
nephrine is more rapid than that due to
papaverine. The phosphorylase a formation
due to papaverine has not yet begun at 15
sec, when that due to norepinephrine is
more than one-half complete (8); changes in
adenine nucleotides by papaverine are not
yet manifest (Fig. 2). Therefore significant
glycogenolysis may occur earlier after norepi-
nephrine than after papaverine addition.
The resolution of this and other fine points
of the relation of phosphorylase activation
and glycogen breakdown in C-6 astrocytoma
cells awaits more detailed investigation.
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