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SUMMA mt��’

WEISS, BENJAMIN, FERTEL, RIcHAnD, FIGLIN, ROBERT, AND UzuNov, PETK0: Selective

alteration of the activity of the multiple forms of adenosine 3’ , #{246}’-monopliosphate
phosphodiesterase of rat cerebrum. Mel. Phammacol. 10, 615-625 (1974).

Four different peaks of cyclic 3’ , 5’-AMP phosphodiestera.se activity were isolated from the
supernatant fraction of rat cerebral homogenates using Prel)arative acrylamide gel electro-

phoresis. These peaks of activity, designated I-1V according to the order in which they
emerged from the colummi, were exposed to various inhibitors (if i)hosl)hodieSterase and to

an activator of Ph()sPhodiesterase isolated from brain. The activator stimulated peak 11

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 �)referentially inhibited the activated peak II. Trifluoperazine sulfoxide and Pro-
methazine had less than 10 #{182}�of the inhibitory activity of trifluoperazine on peak II. The

inhibitors differed not only in the specific i)hosphOdiesterase which they inhibited hut also in

their mechanism of action. Thus thcophylline, cyclic GMP, and low concemitratitrns of

papaverine acted as competitive inhibitors, whereas the inhibition pn)duced by triflutopera-

zinc was neither purely competitive nor purely mioneompetitive. High comucentrations of

papaverine produced noncompctitive inhibition. Theophylline amid i)al)averine inhibited the

activated and unactivated Peak II equally, but trifluoperazine inhibited the activated peak
II by more than 90 � in concentratiomis (40 � that had little effect �in the imnactivated

enzyme. This inhibition of l)eak II phosPhodiesterase by trifluoperazine could be l)revtnted
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 nucleotidcs is controlled, in j)art, by a group

of cyclic nucleotide ph sph idiest t rases.
The intracellular concentration of adeno-

i n( � enz’� m( s ( xlbt in � v� i ml rut It ulqr
smne 3 �) -monophosphate and tither cyclic � .

morms, eacn witn its own l)articular prtiper-
‘ Present address, Institute of Physiology, ties, substrate specificities, amid cellular dis-

Bulgarian Academy of Sciences, Sofia, Bulgaria. tributiomi (1-12).
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The activity of the phosphodiesterases can

be altered by a wide variety of chemical

agents. Several compoumids with diverse
chemical structures have been shown to

inhibit phosphodiesterase activity (13-22),
amid an endogenous heat-stable protein has
been shown to activate I)hosPhodiesterase
(5, 23, 24). Recent. reports show that drugs
can differentially inhibit the activity of

plios})llodiestcrase obtained from different
tissues (I 7, 20, 25-29). These effects might
be the result of a differential inhibitory

action of drugs on the multiple forms of
pllcisj)hodiesterase found in these tissues.

This possibility is supported by the l)reseflt

results, which show that an endogenous
activator and several kmiown imihibitors of

Phosl)hodiesterase have differential effects
on the multiple forms of cyclic AMP phos-

pho(liesterase isolated from rat cerebrum.

METHOI)S

i\lale Sprague-Dawley rats weighing ap-

l)rtixiniately 200 g were used in these experi-
ments. The animals were decapitated, and

tIme cerebral hemispheres were scraped free
(if white matter. The remaining tissue, con-
sisting mainly of cortical gray matter, was

homogenized in 0.32 �i sucrose, sonicated in

a Branson S125 Sonifier at l)eak intensity for

15 sec. and centrifuged at 100,000 X g for

1 hr. A l)ortion of the soluble supernatant

fluid was themi placed on a preparative poly-

acrylaniide gel column, amid electrophoresis
was conducted for 15 hr as described previ-
ously (8). The material eluted from the gel
column was collected in 1-mi fractiomis, amid

each fraction was analyzed for phospho-

diesterase activity. The effects of an acti-

vator of pliosphodiesterase 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 (if pliosphodiesterase, since they

have several umlique properties (12).
Phosphodiesterase activity was measured

by previously reported techniques (30),
described briefly as follows. The usual assay

mixture consisted of 10 j.rg of pyruvate

kimiase, 5 �g of myokimiase, 25 m�m ammonium

acetate, 3 m�i magnesium chloride, 0.26 m�i

phosphoenolpyruvate, 1 5 mmm dithiothreitol,

0.1 mu EDTA, 0.01’ bovine serum al-

bumin, 0. 1 n�i ATP, varying concentrations

of cyclic AM1� and inhibitors or activator,

and the tissue sample in a total volume of
150 j.ti of glycylglycine buffer, 50 m�mi, pH

s.0. This mixture was incubated for various

times at. 37#{176}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 quamititated with a luminescence
biometer (du Pout).

The possibility that any of these drugs

affected the i)hOsPhodiesterase 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 l)urified up to, but not including, the

ammoniurn sulfate step. This producQd 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 concent rations of substrate. The
K1 values are obtained from th( p(iint of
intersection of these lines. Experimemits were

generally carried out with five substrate con-
centrations and five inhibitor concentrations.

Each point oh the graph represents the mean
values of three to five replicatiomis at each
concemitration. The standard errors for each

point was generally within 10 #{182}�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

M ultiple Forms of Phosph odiesterase of Rat

Cerebrv in

Figure 1 shows the pattern of cyclic 3’ , 5’-

A1\IP phosphodiesterase activity in the
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FIG. 1. Multiple forms of phosphodiesterase of

rat cerebruni
The cerebrum was homogenized in 4 volumes of

0.32 M sucrose, sonicated, and centrifuged at

100,000 x g for 60 mm. One milliliter of the super-

natant fluid was placed on the polyacrylamide gel
column. The phosphodiestera.se activity of each

fraction was determined as described under

METHODS, using 200 MM cyclic AMP as substrate.
The assays were performed in the presence of a

heat-stable , nondialyzable activator prepared

from rat brain (approximately 5 �g 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 Eimdo#{231}jenons Activator on �iIultiple

Forms of Phosphodiesterase

Table 1 shows the effect of a heat-stable,
nondialyzable activator of phosphodiesterase
on the different forms of phosphocliesterase.
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 phosphod.icsterase activity of

peak III seen in this experiment may be ac-
counted for by a contamination with peak II

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, III, 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

TABLE 1

Effect of emidogemmons phosph odiesterase activator

omi multiple forms of phosphodieslerase 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 /2g of protein). Each figure

represents the mean value of five determinations

± standard error.

Peak Phosphodiesterase activity

No activator With activator

nmoles cydic
A.IIP hydrolyzed/mi/main

I

II

Ill
IV

23± 2 25± 1

603 ± 35 7918 ± 401

577 ± 41 1242 ± 69

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, simice
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.

Meehanisni of Activation

To gain an insight into the mechanism by
which the activator affected peak II 1)1105-

phodiesterase, we determined the activity

of the enzyme in the I)resence 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 (V,�5�) sev-
eral fold but did not alter t.he apparent

Michaeis constant (Km) (approximately
250 /hM).

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 m�u,
respectively, have differential inhibitory
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effects t�iIi the multiple forms of phospho-
diesterase isolated from rat cerebrum. These
C01111)t)tiIidS l)roduced abciut the same degree
of inhibition of p(ak I phosphodiesterase

(about 30 C��) but elicited a markedly differ-

ent inhibitory activity on the other forms of

1)h( sl)hodiesterase. The most notable differ-
ences were seen in peaks II and III. We

therefore performed more detailed concen-
trat it ui-response studies of these inhibit( irs

on I)eaks 11 and III. As can be seen (Table 2),

the K1 values of theophylline, papaverine,

and cyclic GMP for l)eak II phosphodies-

terase, when nieasured imi the absence of

activator, were similar to those nwasured 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 Ill (adding the activator to peak
III did not alter the K1 for trifluopera.zimie).

Figure 3 compares the inhibitory effects of
trifluoi )t razine, a potent phent )thlazine trami-

(luilizel’, with those of t\V() ot.her phenothia-
zimies which have weak psychotropic activity.
Promethazimie amid t rifiw iperazine sulfoxide

T.uu i�: 2

Differential inhibition of mmiultiple formus of

phosph odiesterase of rat cerebrum

The multiple forms of phosphodiesterase were

isolated from the soluble supernatant fraction of

rat cerebral homogenates as described under
MErLloDs. Each isolated peak was assayed in the

presence of varying (‘oncent rations of inhibitor

and cyclic AMP. Peak II phosphodiest.erase 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 ft)r at least three substrate concen-

trations as described by I)ixon (31).

Inhibitor K1

Peak II Peak II Peak III
(not (ac-

activated) tivated)
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FIG. 3. inhibition of phosphodiesterase activity of rat cerebruni (peak ii) by phemiothiazimie derivatives

Samples were prepared as described in the legend to Fig. 1. The activity tif peak II phosphodiesterase

was analyzed in the presence of activator (about 5 �g of protein) and varying concentrations tif tn-

fluoperazine, tnifluoperazine sulfoxide, or promethazine as described under METHODS. Each point repre-

sents the mean value of four determinations.

were considerably less I)otent inhibitors of

activated peak II than was trifluoperazine

(Fig. 3).

211cc/man isimi of In/i ibition of Phospimodiesterase

Timeophylline. Figure 4 shows a kinetic
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 V0,� but
increased the apparent Km.

Cyclic GMP. A kinetic analysis of the in-
hibitory effect of cyclic G1\IP omi peak III of
rat cerebrum indicates that cyclic OMP

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 I)aPaverine was more
complex. Figure 6 shows that concentrations
of papaverine up to 50 �i inhibited peak III

phosphodiesterase competitively. Higher
concentrations (100-500 �i) produced non-
competitive inhibition of the enzyme (not.
shown).

Trifinoperazine. Kinetic analysis of t he

effect of trifluoperazine on peaks II amid III

indicated that the inhibitiomi was micither

purely competitive nor purely nomicompeti-

tive (Fig. 7). Since trifluoperazine ��‘as the
most effective inhibitor of I)eak 11 phospho-

diesterase, amid since this peak was the one

which was activated, the interaction be-

t�veen trifluoperazine and the activator of
phosphodiesterase was studied. The experi-

merits indicated that the degree of imihibition
of peak II by trifluoperazine was influenced
by the degree to which the enzyme was acti-
vated. }or example, Fig. S show’s that tn-
fluoperazine at a comicentratiomi of 25 .c�i

produced about SO % inhibition of the acti-
vated enzyme but mio significant inhibition of
the unactivated peak II phosphodiesterase.

At higher concentrations t rifluopenazine

also inhibited the unactivat ed phospho-
diesterase. In contrast to the results with

t nifluoperazine, Pal)avenine and theophylhmie

(not shown) inhibited the activated amid tin-
activated peak II equally.

These results suggested that t rifluopera-
zinc was preventing the activation (if peak

II. To examine this further, peak II was in-
cubated with different amounts of activator
amid several concemitrations of t nifluopera -

zinc (Fig. 9). The results show that the
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FIG. 4. Kinetic ammalysis of theophylline-immduced inhibition of peaks ii amid iii phosphodiesterase of
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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.
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activator could antagommize the inhibition of
phosphodiesterase induced by low’ concentra-

tions of tnifluoperazine but could not prevent
the inhibition by high concentrations of the
j)henothiazine (Fig. 9).

DISCUSSION

Effect of Agents on Multiple Forms of Pimos-

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 th( 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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FIG. 5. Kinetic ammalysis of cyclic GMP-indnced inhibition of peak 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 III fraction was determined in the presence of varying

concentrations of cyclic AMP and cyclic GMP as described under METHODS.

FIG. 6. Kimmetic amialysis of papaverine-imidaced immhibition of peak 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 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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FIG. 7. Kinetic analysis of trifluoperazine-

imiil)mce(l imihibition of peak ii and iii pho.spho-

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�g of protein). Each point represents the

mean of four determinations. A. Peak II. B. Peak

III.

show that these enzymes caii also be differ-
emitially imiliibited. For example, of the corn-

ptntmids studied, trifluoperazi.ne was the
most l)Otemit iiihibitor of the activated peak

II (K1 = 10 ,�r) amid cyclic GMP was the

most effective inhibittir of the unactivated

peak II (K1 = 20 j�i).

IhIe(’/Ialm ismn of Inhibition

The various phosphodiesterase inhibitors

studied differed not only in their potency but

also in their mechanism of action. Theo-

1)hylliIi( imihibited the purified l)hO5PhO-
diesterases (if rat brain, apparently by corn-

I)eting with cyclic AMP for the active site on
the enzyme. This is in agreement with the

early work tif Butcher and Sutherlamid (13),
who report ed that the methyixanthines
competitively inhibited the phosphodies-
terase of beef heart.

The inhibitory effects of I)apaverine were

more c(irnplex. Low (Oncentrations of

1)aPaverine (50 �i and less) competitively
inhibited the purified Peaks II and III of
cerebral phosphodiesterase, whereas higher

Ct imicemit rations inhibit (d t he enzyme non-
competitively.

A number of authirs have shown that

cyclic Gi\IP can inhibit (1 , 34) or activate

(35-37) cyclic AMP lhosphodiesterase, de-
�)ending upon the concentration of substrate

amid the concemitration of cyclic (L\IP used.
These reports show that cyclic GINIP acti-
vated the cyclic AMP j)hosphodiesterase
when low substrate e incent rations (1 - I 0

�i) were used but inhibited the enzyme
whemi high concentrations of cyclic AMP

were used as substrate. Using high comicen-

trations (if (‘y(’lie �\\IP (0.1 mu), we con-
firmed the finding that cyclic GMP (‘an

inhibit (‘\‘clic A\IP PhosPhodiesterase. ( )ur

experiments did not include studies with
low subst rate concent rations.

The imihibitory effects of trifluoperazine

011 the different forms (if 1)hOsl)hodiesterase

were also complex. \%heii peak 111 was
studied or wh(n reak Ii was studied in the

absence of activator, t rifluoperazine pro-

duceci a mixed type tif inhibition, with a K1

of apprtiximately 250 �LM. in contrast, when

Peak II was studied imi the present’t of the
activator of l)llosl)hodiesterase, the K1 was

only about 10 �m. This imihibitorv effect of

trifluoperazine on peak II could be overcome

by a(ldimlg more activator; a kinetic amialysis

of these data suggested that trifluopcrazine

was competitively blocking the activation

of peak II 1)hosphOdiesterase. This suggests

that at low concentrations, triflu )p(razine

prev(nts the activation tif l)eak 11 phospho-
diest erase either by competing with the

activator for the same site on the enzyme or

by stirn� other mechanism, Su(’ii as binding
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to thit activator and thereby prev(’nting its

zL(’tit )i.

]I(’(lffllm ismmm of A etiration

IlW mechanism by whi(’h t lie activat or

incrtati(s l)hosPhodiesteraSe activity is still
an t)j)t’Il (luestion. It has beeii proposed by

others (23, 35) that the at’tivator increases

th 1 � and decreases the K�1 tif the j)hos-

l)llt )(li(Sterase. We found! that the activator
in(r(ases thie � of l)eItk 11 phosj)ho-

(liesterase several ftild but does not change

t lit � K,, . Although t his appar(’nt discrepancy
IiIa:t�’ be (lI.Ie to differences imi the (‘mizyme and

activator l)rel)aration tis(’d, a ni(ire likely
explanation ��as offered by Teo, W7ang, and

\\it11g (24), \Vhi() found that low (‘(incentra-

tit illS I if activattir increase th( 1 iax (if

l)liosPhtdiesterase but dti not alter the Km,
wli(r(as high coII(’entrati(ins tif activator

i�((lI1(’t’ the � as ��.till Since tiur activator
fra(’t it )II niav hmive a relatively los� specific

a(’tiVit\’, it is possible that we (lid not reach
a high enough ct)I1(’entratit)n of a(’tivator to

affect tlie K,,1.

I)mm/)licatio)ms of time Fimmdiimg that Purified

i�/m (iS/)Im odiestem’ase Peaks �4 i.e J)ifferentially

AffC(’te(i by Drugs

Tin ‘ (lifferemitial inhibitt rv effects of drugs
OIl the lihitisPhtidiesterases of different tissues

(‘aIm ID)\\ be understood to be the r(’sult of the

Uni( �tte I )atterli f phtispii( diesterases found

in each tissue (3, 5, 6, 11 , 12) and the varying

sen�itivitv of these forms of the enzyme to
inhibitors. For example, the earlier finding
t hat t rifiw perazint’ inhibited the phospho-

diesterase (if rat derebrum more thami that of

rat cerebellum (17) mi�ay be explained as fol-
lows. The bulk of the l)hiosPhodiesterase of

rat. cerebrum is peak 11 (Fig. 1), which, inthe

activated state, is very sensitive to the in-
hiibit t ivy effects of t rifluoperazine. On the
other hand, the major form of l)hoSpho-

diesterase in rat (�(‘r(’bellImni is peak Ill (5),
\Vlii(’h is relatively resistant to the imihibitory

actions tif tht’ pheIIOtliiIlziIlt’.

Besi(lts offering an explanation for the

differt’ntial effects of drugs on the phospho-
diest ( *rase activity of different tissues, thiese

results suggest the liossibility that the
degrt e to which t h ihit isphodiesterase

activity of a tissue is affected by a givemi in-
hibitor may serve as a tool for determining
the principal form tif 1)hosl)hodiesterase in

that tissue.
We conclude that by studying the distri-

bution of the multiple forms of cyclic flu-

cleotide j)h( isphodiesterase in various tissues
and by determining their responses to acti-
vators and inhibitors of phosphodiesterases,
it. may (v(lntually be possible t(i alter the
concentration of the (‘\‘(‘lic nucleotides-

and thereby the function-of selective
tissues by administering agents which spe-

cifically affect the PhosPhodiesterases of that

tissue.
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