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SUMMARY

Weiss, BENJAMIN, FERTEL, RicHARD, F1GLIN, ROBERT, AND UzUNoOV, PETKO: Selective
alteration of the activity of the multiple forms of adenosine 3’,5-monophosphate
phosphodiesterase of rat cerebrum. Mol. Pharmacol. 10, 615-625 (1974).

Four different peaks of cyclic 3’,5-AMP phosphodiesterase activity were isolated from the
supernatant fraction of rat cerebral homogenates using preparative acrylamide gel electro-
phoresis. These peaks of activity, designated I-IV according to the order in which they
emerged from the column, were exposed to various inhibitors of phosphodiesterase and to
an activator of phosphodiesterase isolated from brain. The activator stimulated peak II
phosphodiesterase about 10-fold but had no effect on the other peaks. The inhibitors also
had differential effects on the phosphodiesterases, the most notable being trifluoperazine,
which preferentially inhibited the activated peak II. Trifluoperazine sulfoxide and pro-
methazine had less than 10 % of the inhibitory activity of trifluoperazine on peak II. The
inhibitors differed not only in the specific phosphodiesterase which they inhibited but also in
their mechanism of action. Thus theophylline, cyclic GMP, and low concentrations of
papaverine acted as competitive inhibitors, whereas the inhibition produced by trifluopera-
zine was neither purely competitive nor purely noncompetitive. High concentrations of
papaverine produced noncompetitive inhibition. Theophylline and papaverine inhibited the
activated and unactivated peak 1I equally, but trifluoperazine inhibited the activated peak
II by more than 90 % in concentrations (40 uM) that had little effect on the unactivated
enzyme. This inhibition of peak II phosphodiesterase by trifluoperazine could be prevented
by increasing the concentration of activator. Our results suggest that the selectivity of
phosphodiesterase inhibitors may be due to the different patterns and ratios of multiple
forms of phosphodiesterase in different tissues.

INTRODUCTION nucleotides is controlled, in part, by a group
of cyclic nucleotide phosphodiesterases.
These enzymes exist in several molecular
forms, each with its own particular proper-
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The intracellular concentration of adeno-
sine 3’,5'-monophosphate and other cyclic
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The activity of the phosphodiesterases can
be altered by a wide variety of chemical
agents. Several compounds with diverse
chemical structures have been shown to
inhibit phosphodiesterase activity (13-22),
and an endogenous heat-stable protein has
been shown to activate phosphodiesterase
(8, 23, 24). Recent reports show that drugs
can differentially inhibit the activity of
phosphodiesterase obtained from different
tissues (17, 20, 25-29). These effects might
be the result of a differential inhibitory
action of drugs on the multiple forms of
phosphodiesterase found in these tissues.
This possibility is supported by the present
results, which show that an endogenous
activator and several known inhibitors of
phosphodiesterase have differential effects
on the multiple forms of cyclic AMP phos-
phodiesterase isolated from rat cerebrum.

METHODS

Male Sprague-Dawley rats weighing ap-
proximately 200 g were used in these experi-
ments. The animals were decapitated, and
the cerebral hemispheres were scraped free
of white matter. The remaining tissue, con-
sisting mainly of cortical gray matter, was
homogenized in 0.32 M sucrose, sonicated in
a Branson S125 Sonifier at peak intensity for
15 sec, and centrifuged at 100,000 X g for
1 hr. A portion of the soluble supernatant
fluid was then placed on a preparative poly-
acrylamide gel column, and electrophoresis
was conducted for 18 hr as described previ-
ously (8). The material eluted from the gel
column was collected in 1-ml fractions, and
each fraction was analyzed for phospho-
diesterase activity. The effects of an acti-
vator of phosphodiesterase and of various
inhibitors of phosphodiesterase on the iso-
lated peaks of phosphodiesterase were then
examined. The peaks of activity thus iso-
lated apparently represent different molecu-
lar forms of phosphodiesterase, since they
have several unique properties (12).

Phosphodiesterase activity was measured
by previously reported techniques (30),
described briefly as follows. The usual assay
mixture consisted of 10 ug of pyruvate
kinase, 5 ug of myokinase, 25 mM ammonium
acetate, 3 mm magnesium chloride, 0.26 mm
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phosphoenolpyruvate, 15 mm dithiothreitol,
0.1 mm EDTA, 0.01% bovine serum al-
bumin, 0.1 nm ATP, varying concentrations
of cyclic AMP and inhibitors or activator,
and the tissue sample in a total volume of
150 ul of glycylglycine buffer, 50 mm, pH
8.0. This mixture was incubated for various
times at 37° with gentle shaking. Imme-
diately at the end of the incubation period
and without terminating the previous en-
zymatic reactions, the samples were ana-
lyzed for ATP content by the firefly luciferin-
luciferase technique, the generated light
being quantitated with a luminescence
biometer (du Pont).

The possibility that any of these drugs
affected the phosphodiesterase assay system
was accounted for by incubating these agents
with the 5-AMP standards and using this
standard curve to calculate the phospho-
diesterase activity when assayed in the
presence of the drug.

A heat-stable, nondialyzable activator of
phosphodiesterase was prepared from rat
brain according to Cheung (23). The mate-
rial was purified up to, but not including, the
ammonium sulfate step. This produced a
highly active material with no detectable
phosphodiesterase activity.

K values were determined according to
Dixon (31). In this procedure the reciprocal
of the reaction velocity (1/v) is plotted with
respect to the inhibitor concentration at
different concentrations of substrate. The
K values are obtained from the point of
intersection of these lines. Experiments were
generally carried out with five substrate con-
centrations and five inhibitor concentrations.
Each point on the graph represents the mean
values of three to five replications at each
concentration. The standard errors for each
point was generally within 10 % of the mean
value. The line of best fit was determined
by linear regression analysis, and the point
of intersection of the lines was determined
graphically.

RESULTS

Multiple Forms of Phosphodiesterase of Rat
Cerebrum

Figure 1 shows the pattern of cyclic 3’,5'-
AMP phosphodiesterase activity in the
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F1g. 1. Multiple forms of phosphodiesterase of
rat cerebrum

The cerebrum was homogenized in 4 volumes of
0.32 M sucrose, sonicated, and centrifuged at
100,000 X g for 60 min. One milliliter of the super-
natant fluid was placed on the polyacrylamide gel
column. The phosphodiesterase activity of each
fraction was determined as described under
METHODS, using 200 uM cyclic AMP as substrate.
The assays were performed in the presence of a
heat-stable, nondialyzable activator prepared
from rat brain (approximately 5 ug of protein).

[=]

soluble supernatant fraction of rat cerebral
homogenates when measured in the presence
of the activator of phosphodiesterase. Four
distinct peaks of phosphodiesterase were
found, labeled I-IV according to the order
in which they emerged from the gel column.
Peak I, although very small, was found
consistently in each preparation.

Effect of Endogenous Activator on Multiple
Forms of Phosphodiesterase

Table 1 shows the effect of a heat-stable,
nondialyzable activator of phosphodiesterase
on the different forms of phosphodiesterase.
The activator had no effect on peak I or
IV but increased the activity of peak II
more than 10-fold. The relatively small in-
crease in phosphodiesterase activity of
peak III seen in this experiment may be ac-
counted for by a contamination with peak IT
phosphodiesterase, since other experiments
have shown that a highly purified peak III
is totally unresponsive to the activator (8).

The possibility exists, however, that peaks
I, II1, and IV were relatively unresponsive to
the activator because they were already
maximally activated by an activator bound
to the enzyme. This question was examined
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TaBLE 1

Effect of endogenous phosphodiesterase activator
on multiple forms of phosphodiesterase of
rat cerebrum

Each peak of phosphodiesterase, prepared and
separated as described in the legend to Fig. 1, was
assayed for phosphodiesterase activity in the
absence and presence of the phosphodiesterase
activator (about 5 ug of protein). Each figure
represents the mean value of five determinations
= standard error.

Peak Phosphodiesterase activity

No activator With activator
nmoles cyclic

AMP hydrolyzed/ml/min
1 23 + 2 25+ 1
11 603 + 35 7918 + 401
111 577 + 41 1242 + 69
v 560 + 28 577 + 26

by combining the several peaks and assaying
the phosphodiesterase activity. In each case
the total activity was equal to the sums of
the individual activities. In addition, since
the activator is stable to heat whereas the
phosphodiesterase is not, we boiled the
preparations of peaks I, III, and IV and
added this to a freshly prepared peak II.
No activation of peak II was seen. These
results suggest that the unresponsive peaks
did not contain an activator bound to the
enzyme.

Mechanism of Activation

To gain an insight into the mechanism by
which the activator affected peak II phos-
phodiesterase, we determined the activity
of the enzyme in the presence of varying con-
centrations of the activator and plotted the
data in double-reciprocal form. The results
(Fig. 2) suggest that the activator increased
the maximum reaction velocity (Vimax) sev-
eral fold but did not alter the apparent
Michaelis constant (K.) (approximately
250 um).

Effect of Inhibitors on Multiple Forms of
Phosphodiesterase

Earlier reports (12, 32, 33) indicated that
theophylline, papaverine, and trifluoperazine
at concentrations of 1, 0.1, and 0.5 mm,
respectively, have differential inhibitory
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Fia. 2. Effect of activator on cyclic AMP phosphodiesterase activity of rat cerebrum (peak II)

The activity of phosphodiesterase in the peak II fraction of rat cerebrum was determined in the pres-
ence of varying quantities of cyclic AMP and activator as described under METHODS. One microliter
of activator contained approximately 0.2 ug of protein added to 150 gl of incubation mixture. Each point
represents the mean of four determinations. The K., value was approximately 250 um.

effects on the multiple forms of phospho-
diesterase isolated from rat cerebrum. These
compounds produced about the same degree
of inhibition of peak I phosphodiesterase
(about 30 %) but elicited a markedly differ-
ent inhibitory activity on the other forms of
phosphodiesterase. The most notable differ-
ences were seen in peaks II and III. We
therefore performed more detailed concen-
tration-response studies of these inhibitors
on peaks I and III. As can be seen (Table 2),
the K; values of theophylline, papaverine,
and cyclic GMP for peak II phosphodies-
terase, when measured in the absence of
activator, were similar to those measured in
the presence of the activator. On the other
hand, the K value of trifluoperazine for the
activated peak II was about 25 times less
than that for the nonactivated peak II or
for peak III (adding the activator to peak
III did not alter the K; for trifluoperazine).

Figure 3 compares the inhibitory effects of
trifluoperazine, a potent phenothiazine tran-
quilizer, with those of two other phenothia-
zines which have weak psychotropic activity.
Promethazine and trifluoperazine sulfoxide

TABLE 2

Differential inhibition of multiple forms of
phosphodiesterase of rat cerebrum

The multiple forms of phosphodiesterase were
isolated from the soluble supernatant fraction of
rat cerebral homogenates as described under
METHODS. Each isolated peak was assayed in the
presence of varying concentrations of inhibitor
and cyclic AMP. Peak II phosphodiesterase was
assayed in the absence and presence of optimal
amounts of the phosphodiesterase activator. The
inhibitor constants (K; values) were estimated
from a plot of the reciprocal of the phospho-
diesterase reaction velocity against the inhibitor
concentration for at least three substrate concen-
trations as described by Dixon (31).

Inhibitor K;
Peak II Peak II  Peak III

(not ac-
activated) tivated)

2.4 KM uM
Theophylline 350 350 180
Trifluoperazine 250 10 250
Papaverine 100 100 60
Cyclic GMP 20 10 25
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F1a. 3. Inhibition of phosphodiesterase activity of rat cerebrum (peak 1I) by phenothiazine derivalives
Samples were prepared as described in the legend to Fig. 1. The activity of peak I1 phosphodiesterase
was analyzed in the presence of activator (about 5 ug of protein) and varying concentrations of tri-
fluoperazine, trifluoperazine sulfoxide, or promethazine as described under MeTHODS. Each point repre-

sents the mean value of four determinations.

were considerably less potent inhibitors of
activated peak II than was trifluoperazine
(Fig. 3).

Mechanism of Inhibition of Phosphodiesterase

Theophylline. Figure 4 shows a Kkinetic
analysis of the inhibition by theophylline of
peak III and activated peak II phospho-
diesterase isolated from rat cerebrum. In the
concentrations used, theophylline exhibited
kinetic characteristics typical of a competi-
tive inhibitor of both peaks of phospho-
diesterase; it did not alter the Va.x but
increased the apparent K,..

Cyclic GMP. A kinetic analysis of the in-
hibitory effect of cyclic GMP on peak III of
rat cerebrum indicates that cyclic GMP
competitively inhibited the cyclic AMP
phosphodiesterase (Fig. 5). Similar results
were found when peak II was studied.

Papaverine. The inhibition of phospho-
diesterase activity by papaverine was more
complex. Figure 6 shows that concentrations
of papaverine up to 50 um inhibited peak ITI
phosphodiesterase competitively. Higher
concentrations (100-500 um) produced non-
competitive inhibition of the enzyme (not
shown).

Trifluoperazine. Kinetic analysis of the

effect of trifluoperazine on peaks II and III
indicated that the inhibition was neither
purely competitive nor purely noncompeti-
tive (Fig. 7). Since trifluoperazine was the
most effective inhibitor of peak IT phospho-
diesterase, and since this peak was the one
which was activated, the interaction be-
tween trifluoperazine and the activator of
phosphodiesterase was studied. The experi-
ments indicated that the degree of inhibition
of peak II by trifluoperazine was influenced
by the degree to which the enzyme was acti-
vated. For example, Fig. 8 shows that tri-
fluoperazine at a concentration of 25 um
produced about 80 % inhibition of the acti-
vated enzyme but no significant inhibition of
the unactivated peak II phosphodiesterase.
At higher concentrations trifluoperazine
also inhibited the unactivated phospho-
diesterase. In contrast to the results with
trifluoperazine, papaverine and theophylline
(not shown) inhibited the activated and un-
activated peak II equally.

These results suggested that trifluopera-
zine was preventing the activation of peak
I1. To examine this further, peak II was in-
cubated with different amounts of activator
and several concentrations of trifluopera-
zine (Fig. 9). The results show that the



620

WEISS
S 4
THEOPHYLLINE
(0.5mM)
o
A
4 4
THEOPHYLLINE
(2mM)

CONTROL

< (nmoles cycic AMP hydrolyzed /mi/min)

F(mm)

ET AL.

THEOPHYLLINE
(1 mM)

THEOPHYLLINE
(0.5 mM)

17V (nmoles CYCLIC 3,5'-AMP hydrolyzed/mi/min)
— &

175 (mM)

Fia. 4. Kinetic analysis of theophylline-induced tnhibition of peaks II and III phosphodiesterase of

rat cerebrum

The soluble supernatant fraction of rat cerebral homogenates was subjected to gel electrophoresis,
and the activity of phosphodiesterase in the peak II and peak III fractions was determined in the pres-
ence of varying concentrations of cyclic AMP and theophylline as described under MeTHODS. No acti-
vator was present. Each point represents the mean of four determinations. A. Peak II. B. Peak III.

activator could antagonize the inhibition of
phosphodiesterase induced by low concentra-
tions of trifluoperazine but could not prevent
the inhibition by high concentrations of the
phenothiazine (Fig. 9).

DISCUSSION

Effect of Agents on Multiple Forms of Phos-
phodiesterase

Although several groups have now con-
firmed the existence of multiple forms of

cyclic nucleotide phosphodiesterase (1-12),
and although there is suggestive evidence
that the phosphodiesterases of different
tissues may be inhibited differentially by
drugs (17, 20, 25-29), there is relatively little
direct information on the effects of activators
or inhibitors on the different forms of phos-
phodiesterase. Previous studies have shown
that the multiple forms of phosphodiesterase
isolated from rat cerebrum could be selec-
tively activated by a heat-stable protein iso-
lated from brain (8, 12). The present results
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F1a. 5. Kinetic analysis of cyclic GM P-induced inhibition of peak 111 phosphodiesterase of rat cerebrum

The soluble supernatant fraction of rat cerebral homogenates was subjected to gel electrophoresis,
and the activity of phosphodiesterase in the peak III fraction was determined in the presence of varying
concentrations of cyclic AMP and cyclic GMP as described under METHODS.
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F1c. 6. Kinetic analysis of papaverine-induced inhibition of peak 111 phosphodiesterase of rat cerebrum
The soluble supernatant fraction of rat cerebral homogenates was subjected to gel electrophoresis,
and the activity of phosphodiesterase in the peak III fraction was determined in the presence of varying
concentrations of cyclic AMP and papaverine as described under METHODS. Each point represents the
mean of four determinations.
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F1a. 7. Kinetic analysis of (rifiuoperazine-
induced inhibition of peak II and III phospho-
diesterase of rat cerebrum

The soluble supernatant fraction of rat cerebral
homogenates was subjected to gel electrophoresis,
and the activity of phosphodiesterase in the peak
II and peak III fractions was determined in the
presence of varying quantities of cyclic AMP
(millimolar) and trifluoperazine (TFP) as de-
scribed under MeTHODS. Peak II was assayed in
the presence of a heat-stable activator (approxi-
mately 5 ug of protein). Each point represents the
mean of four determinations. A. Peak II. B. Peak
II1.

show that these enzymes can also be differ-
entially inhibited. For example, of the com-
pounds studied, trifluoperazine was the
most potent inhibitor of the activated peak
II (K; = 10 um) and cyclic GMP was the
most effective inhibitor of the unactivated
peak II (K; = 20 um).

Mechanism of Inhibition

The various phosphodiesterase inhibitors
studied differed not only in their potency but
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also in their mechanism of action. Theo-
phylline inhibited the purified phospho-
diesterases of rat brain, apparently by com-
peting with cyclic AMP for the active site on
the enzyme. This is in agreement with the
early work of Butcher and Sutherland (13),
who reported that the methylxanthines
competitively inhibited the phosphodies-
terase of beef heart.

The inhibitory effects of papaverine were
more complex. Low concentrations of
papaverine (50 pM and less) competitively
inhibited the purified peaks II and III of
cerebral phosphodiesterase, whereas higher
concentrations inhibited the enzyme non-
competitively.

A number of authors have shown that
cyclic GMP can inhibit (1, 34) or activate
(35-37) cyclic AMP phosphodiesterase, de-
pending upon the concentration of substrate
and the concentration of cyclic GMP used.
These reports show that cyclic GMP acti-
vated the cyclic AMP phosphodiesterase
when low substrate concentrations (1-10
uM) were used but inhibited the enzyme
when high concentrations of cyclic AMP
were used as substrate. Using high concen-
trations of cyclic AMP (0.1 mm), we con-
firmed the finding that cyclic GMP can
inhibit cyclic AMP phosphodiesterase. Our
experiments did not include studies with
low substrate concentrations.

The inhibitory effects of trifluoperazine
on the different forms of phosphodiesterase
were also complex. When peak III was
studied or when peak II was studied in the
absence of activator, trifluoperazine pro-
duced a mixed type of inhibition, with a K;
of approximately 250 uMm. In contrast, when
peak II was studied in the presence of the
activator of phosphodiesterase, the K; was
only about 10 um. This inhibitory effect of
trifluoperazine on peak II could be overcome
by adding more activator; a kinetic analysis
of these data suggested that trifluoperazine
was competitively blocking the activation
of peak II phosphodiesterase. This suggests
that at low concentrations, trifluoperazine
prevents the activation of peak II phospho-
diesterase either by competing with the
activator for the same site on the enzyme or
by some other mechanism, such as binding
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F1a. 8. Inhibition of phosphodiesterase activity of rat cerebrum (peak I1I) by trifluoperazine in the pres-
ence and absence of activator
The effect of varying concentrations of trifluoperazine on the peak II phosphodiesterase prepared
from rat cerebral homogenates was determined in the absence and presence of the activator of phospho-
diesterase (about 1 ug of protein) as described under mMerHODS. The concentration of cyclic AMP
was 200 uM. Each point represents the mean of five determinations.
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Fi1g. 9. Interaction between trifluoperazine and activator on peak II phosphodiesterase of rat cerebrum
Peak II phosphodiesterase prepared from rat cerebrum was assayed in the presence of varying con-
centrations of trifluoperazine and the activator of phosphodiesterase as described under METHODS. One
microliter of activator contained approximately 0.2 ug of protein. The final incubation volume was 150
ul, and the concentration of cyclic AMP was 200 um.
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to the activator and thereby preventing its
action.

Mechanism of Activation

The mechanism by which the activator
increases phosphodiesterase activity is still
an open question. It has been proposed by
others (23, 38) that the activator increases
the V.ax and decreases the K of the phos-
phodiesterase. We found that the activator
increases the Vmax of peak II phospho-
diesterase several fold but does not change
the K,.. Although this apparent discrepancy
may be due to differences in the enzyme and
activator preparation used, a more likely
explanation was offered by Teo, Wang, and
Wang (24), who found that low concentra-
tions of activator increase the Vpmax of
phosphodiesterase but do not alter the K.,
whereas high concentrations of activator
reduce the K. as well. Since our activator
fraction may have a relatively low specific
activity, it is possible that we did not reach
a high enough concentration of activator to
affect the K.

Implications of the Finding that Purified
Phosphodiesterase Peaks Are Differentially
Affected by Drugs

The differential inhibitory effects of drugs
on the phosphodiesterases of different tissues
can now be understood to be the result of the
unique pattern of phosphodiesterases found
in each tissue (3, 5, 6, 11, 12) and the varying
sensitivity of these forms of the enzyme to
inhibitors. For example, the earlier finding
that trifluoperazine inhibited the phospho-
diesterase of rat cerebrum more than that of
rat cerebellum (17) may be explained as fol-
lows. The bulk of the phosphodiesterase of
rat cerebrum is peak II (Fig. 1), which, inthe
activated state, is very sensitive to the in-
hibitory effects of trifluoperazine. On the
other hand, the major form of phospho-
diesterase in rat cerebellum is peak IIl1 (8),
which is relatively resistant to the inhibitory
actions of the phenothiazine.

Besides offering an explanation for the
differential effects of drugs on the phospho-
diesterase activity of different tissues, these
results suggest the possibility that the
degree to which the phosphodiesterase
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activity of a tissue is affected by a given in-
hibitor may serve as a tool for determining
the principal form of phosphodiesterase in
that tissue.

We conclude that by studying the distri-
bution of the multiple forms of cyclic nu-
cleotide phosphodiesterase in various tissues
and by determining their responses to acti-
vators and inhibitors of phosphodiesterases,
it may eventually be possible to alter the
concentration of the cyclic nucleotides—
and thereby the function—of selective
tissues by administering agents which spe-
cifically affect the phosphodiesterases of that
tissue.
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