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monly observed after promotor on carcinogen treatment (5,
27). The question of whether hypemplasia alone is sufficient
for promotion has not been resolved (7, 16), and it remains
possible that biochemical events not directly related to cell
proliferation are involved. It has been proposed that many
cellular activation processes involve cyclic nucleotides (4,
6, 8, 14, 24, 25, 29), and in our laboratory we are studyng
changes in the metabolism and function of these com
pounds following the application of tumor promotoms and
carcinogens to mouse skin. Early changes include a de
creased ability of the epidermal cells to accumulate cyclic
AMP2following injecti on of the /3-receptor stimulator iso pro
temenol, and an increased basal level of cyclic AMP (7, 13,
28). As pant of a study of possible mechanisms for these
changes, the activity of epidermal cyclic AMP and cyclic
GMP phosphodiesterases have been measured following
treatment with croton oil, TPA, benzo(a)pynene, on acetic
acid, a nonspecific hyperplastic agent.

MATERIALS AND METHODS

Materials. Female Swiss albino mice were housed and
treated with either croton oil, benzo(a)pymene,or acetic acid
as described before (13, 28). TPA was also applied as a
solution in acetone (0.2 ml containing 20 nmoles). [8-
3H]Cyclic AMP, ammonium salt (specific activity, 27.5
Ci/mmole), [8-3Hjcyclic GMP (specific activity, 4.4
Ci/mmole), and L-[4,5-3H]leucine (specific activity, 1
Ci/mmole) were from the Radiochemical Centre, Amen
sham, England. [8-3HjCyclic AMP was further purified be
fore use (10). 5'-Nucleotidase from Crota!us adamanteus
venom, propanolol, and cycloheximide were obtained from
the Sigma Chemical Co., St. Louis, Mo. , Phentolamine me
sylate was obtained from Ciba-Geigy, Australia Ltd., Sydney,
Australia. TPA was generously supplied by Professor E.
Heckem,German Cancer Research Center, Heidelberg, Fed
eral Republic of Germany.

Assay of Cyclic AMP and Cyclic GMP Phosphodiester
ase Activity. After treatment, micewere killed by cervical

SUMMARY

The topical application of croton oil, benzo(a)pyrene,
acetic acid , and 12-O-tetradecanoyl-phombol-13-acetate to
mouse skin caused an increase in the activity of epidermal
low-affinity cyclic adenosi ne 3' :5'-monophosphate (cyclic
AMP) phosphodiestenase. The increase was most pro
nounced with croton oil, began between 4 and 6 hr after
application of this material, and was maintained for at least
48 hr. The activity of cyclic guanosine'3':5'-monophosphate
phosphodiestenase was also increased by treatment with
croton oil or 12-O-tetradecanoyl-phonbol-1 3-acetate, but de
tailed time courses were not obtained. Increased activity
was observed in both the soluble fractions and the washed
particulate fractions of epidermis.

Fractionation of soluble extracts from acetone-treated
epidermis on DEAE-cellulose columns showed the pres
ence of enzymes with specificity for both cyclic AMP and
cyclic guanosine 3':S'-monophosphate, together with a
peak catalyzing the hydrolysis of both cyclic AMP and cyclic
guanosine 3':S'-monophosphate. The activity of this latter
nonspecific activity was selectively increased following
treatment with croton oil.

The increase in cyclic AMP phosphodiesterase activity
was partially abolished by multiple injections of cyclohexi
mide, suggesting that new protein synthesis was involved.
Injection of the a-receptor antagonist phentolamine abol
ished a croton oil-induced rise in epidermal cyclic AMP
levels and decreased the induction of cyclic AMP phospho
diesterase activity. From these results it was concluded that
the increase in enzyme activity was induced by cyclic AMP.

INTRODUCTION

The application of tumor promotors and carcinogens to
mouse skin initiates a complex pattern of biochemical
changes in the epidermal cells (2, 9, 15, 17, 28). Many of
these changes are undoubtedly associated with cellular
activation, leading to the increase in cell proliferation com
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dislocation and epidenmal homogenates prepared as de
scnibed earlier (12). These homogenates were either used
directly for phosphodiesterase assay or centrifuged at
100,000 x g for 20 mm to give a soluble supemnatant.

Assays for cyclic AMP phosphodiesterase contained the
concentrations of reagents described by Marks and Raab
(12) and were routinely carried out at 400, 2, on 1 @.tMcyclic
AMP, in a final volume of 150 @l.After incubation at 37Â°,the
reactions were stopped by heating for 3 mm in a boiling
water bath. After cooling, 10 @gof snake venom 5'-nucleo
tidase were added to each tube, and incubation continued
for 10 mm at 37Â°.The samples were briefly centrifuged to
remove denatured protein and 100-pi aliquots chromato
graphed on Whatman No. 3MM paper with 1 M ammonium
acetate:95% ethanol (3:7, v/v) as solvent; AMP, cyclic AMP,
and adenosine were included as internal markers on the
chromatograms. The areas corresponding to adenosine
were eluted with water (3 x 3 ml), and an aliquot taken for
estimation of radioactivity using a Xylene/Triton X-114-
based scintillation fluid (1). The results obtained with this
paper chromatographic assay agreed well with assays in
which the reaction products were separated by ion-ex
change chromatography (21).

Hydrolysis of cyclic AMP was linear with assay times up to
30 mm and with homogenate volume up to the equivalent of
200 @gof protein when assays were carried out with either
400, 2, or 1 @Mcyclic AMP. Routinely, assays were carried
out for 20 mm and contained extract equivalent to less than
100 @tgof protein.

Assays for cyclic GMP phosphod iestenase were carried
out as for the hydrolysis of cyclic AMP, but with [8-3Hjcyclic
GMP replacing [8-3H]cyclic AMP and with unlabeled
markers of GMP, cyclic GMP, and guanosine replacing the
adenine derivatives during paper chromatography. The as
say was linear with time up to 30 mm at both 400 and 1 @M
cyclic GMP and with extract volume up to an equivalent of
200 @.tgprotein.

The DNA content of epidermal homogenates was meas
ured as reported previously (13), and protein determina
tions were made by the procedure of Lowry et a!. (11).

DEAE-Cellulose Chromatography. Soluble epidemmalex
tracts (between 8.7 and 16.9 mg of protein) were applied to
DEAE-cellulose (Whatman DE23) columns (1.5 x 12 cm) and
equilibrated with 50 mM Tnis-acetate (pH 6) containing 3.3
mM MgCI2and 5 mM 2-mercaptoethanol. The columns were
washed with equilibration buffer and eluted with a linear
gradient(totalvolume, 200 ml) from 0 to 1 M sodium ace
tate ; the flow rate was 0.77 mI/mm . Fractions (1 ml) were
collected and 50-SI aliquots were assayed for phosphodies
terase activity at 1 @Mcyclic AMP and cyclic GMP. The salt
gradient was monitored by using a refractometer with refmac
tive index determinations on every 6th fraction.

Treatment of Mice with Cycloheximide. Mice were given
i.p. injections of cycloheximide (5 mg/mouse) at 1.25, 2.75,
4.25, and 5.25 hr or at 3.5 and 4.5 hr after the application of
acetone or croton oil. The mice were sacrificed at 6 hn, and
epidenmal extracts prepared and assayed for cyclic AMP
phosphodiesterase activity.

For measurement of the effect of cycloheximide treat
ment on the incorporation of [3H]leucine into epidermal

proteins, animals were given i.p. injections of cyclohexi
mide (5 mg/mouse) and after 15 mm were given an injection
of [3Hjleucmne (20 j.@Ci/mouse).After 1 hr the mice were
sacrificed, and the epidermis was pulverized in liquid nitmo
gen and homogenized in 0.4 M perchlomic acid (4Â°).The
acid-insoluble precipitate was washed 3 times with 0.2 M
perchlonic acid (4Â°)and twice with ethanol. The residue was
suspended in 0.5 M pemchloric acid and kept at 90@for 7 mm
to hydrolyze nucleic acids. The denatured protein pnecipi
tate was washed with 0.5 M perchlomic acid (4Â°)and once
with ethanol at room temperature. The residue was dis
solved in 0.5 M NaOH and aliquots taken for liquid scintilla
tion counting. In controls treated with a solution of 0.9%
NaCI solution, 518 Â±61 cpm/mg of protein were incorpo
rated, and in cycloheximide-treated animals 126 Â± 10
cpm/mg of protein were incorporated (4 animals in each
group). Inhibition by cycloheximide was 76%.

RESULTS

Effects of the Application of Various Agents to Mouse
Skin on the Total Activity of Cyclic AMP Phosphodiester
ase. The total activity of cyclic AMP phosphodiestenase in
epidemmal homogenate after the topical application of ace
tone, benzo(a)pynene, croton oil, or acetic acid is shown in
Table 1. Treatment of skin with acetone did not affect phos
phodiestemase activity assayed with 400 p.Mcyclic AMP, but
all of the other treatments used elevated enzymic activity.
Acetic acid caused a significant increase in activity at 6 and
14 hr (p < 0.05), but not at 24 hr. Benzo(a)pyrene treatment
did not affect enzymic activity measured before 14 hr, but
the activity was significantly elevated at 24, 30, and 48 hr (p
< 0.01). The most dramatic changes, however, were ob

tamed after croton oil treatment. Phosphodiestemase activity
was increased between 4 and 6 hn; the stimulation had
decreased somewhat by 24 hn, followed by a further in
crease at 30 hr. In a number of separate experiments, the
increase in total cyclic AMP phosphodiesterase activity in
duced by croton oil 6 hr after application varied between
about 2- and 7-fold.

Acetone treatment also had no effect on cyclic AMP phos
phodiesterase activity assayed at 2 @Mcyclic AMP and, in
general, the increases observed after croton oil on
benzo(a)pyrene were less than when assays contained 400
@.tMcyclic AMP (Table 1).

Although the results reported in Table 1 were obtained
with whole homogenates, similar results were obtained
when assays were carried out on 100,000 x g supemnatants
and extended to include rates of cyclic GMP hydrolysis.
Table 2 summarizes both cyclic AMP and cyclic GMP phos
phodiesterase activities in the soluble and washed particu
late fractions of epidermis after treatment with both croton
oil and TPA. A high proportion of both phosphodiestemase
activities were located in the soluble fractions when assayed
at either 400 or 1 @Mcyclic nucleotide, although there was
some relative localization of the high-affinity cyclic AMP
activity in the particulate fraction. Phosphodiestenase activ
ity, associated with the washed particulate fractions, was
also increased by treatment with both TPA and croton oil
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TreatmentPhosphodiesterase

activity (pmoles/mmnlmgprotein)Cyclic

AMPCyclicGMPSupemnatantPelletSupernatantPellet400

@Msubstrate
Acetone
Croton oil
TPA

1 @LMsubstrate
Acetone
Crotonoil
TPA1350

Â±193@
4707 Â±519
4967 Â±756

48.5 Â± 5.4
58.8 Â± 3.5
55.5 Â± 4.8255

541
630

17.7
18.8
19.1Â±

26 (19)â€•
Â±45 (11)
Â±49 (13)

Â± 1 .6 (40)
Â± 0.6(32)
Â± 1.3 (34)3253

Â±614 250
8927 Â±875 628
8531 Â±818 1067

19.0 Â± 2.1 1.9
29.8 Â± 2.0 2.8
27.0 Â± 3.1 3.1Â±

35
Â± 43

Â± 240

Â± 0.3
Â± 0.4
Â± 0.3(8)

(7)
(12)

(10)
(9)

(11)

A. K. Verma et a!.

Table 2
Theeffect of croton oil and TPAon the cyclic AMP and cyclic GMPphosphodiesteraseactivities in soluble and

particulate fractions from mouse epidermis

Solubleextractswere prepared(seeâ€œMaterialsand Methodsâ€•)30 hr after application of croton oil, TPA,or acetone.
The insoluble residueswere washedtwice in the homogenizationbuffer and resuspendedin the samebuffer.

a Mean Â± S.E. of determinations carried out on 5 separate preparations.

b Numbers in parentheses, specific activities of the phosphodiesterases measured in the pellets expressed as a

percentage of the specific activities in the supernatants.

when assayed at high cyclic nucleotide concentrations.
However, significant increases in cyclic AMP phosphodies
terase activity were not obtained when assays contained 1
@&Mcyclic AMP (Table 2), and although the increases in

activity assayed at 1 @Mcyclic GMP were significant (p <
0.1), the increases were less marked than those obtained at
higher substrate concentrations. Croton oil did induce the
increases in high-affinity cyclic AMP phosphodiesterase ac
tivity (Table 1), but again the increases were less than those
obtained in the low-affinity activity. In some experiments
(data not shown), croton oil induced a decrease in cyclic
AMP phosphodiesterase activity when assayed at 1 @Msub
strate coupled with an increase in the low-affinity activity.
The reasons for the variability in the effect of croton oil on
high-affinity phosphodiesterase activity are not known, but
possible explanations are considered (see â€œDiscussionâ€•).
Nevertheless, the data in Tables 1 and 2 suggest that treat
ment with both croton oil and TPA selectively increases the
activity of low-affinity cyclic AMP and cyclic GMP phospho
diesterase activity.

Fractionation of Epidermal Phosphodiesterase on
DEAE-Cellulose. Soluble epidermal extracts were analyzed
by DEAE-cellulose chromatography using similar condi
tions to those described by Russell et a!. (19). Elution pro
files of extracts from acetone- and croton oil-treated epider
mis are shown in Chart 1. Control extracts showed 2 major
peaks of both cyclic AMP and cyclic GMP phosphodiester
ase activity. Phosphodiesterase specific for cyclic GMP hy
drolysis eluted at low-salt concentrations (0.08 to 0.2 M
sodium acetate), and enzyme specific for cyclic AMP hydrol
ysis eluted between 0.3 and 0.35 M sodium acetate. This
latter activity was incompletely separated from enzyme that
catalyzed the hydrolysis of both cyclic AMP and cyclic GMP
(approximately 0.35 to 0.5 M sodium acetate). Following
treatment with croton oil, epidemmal extracts showed only 2
major peaks of phosphodiesterase activity, the 1st specific
for cyclic GMP and the 2nd hydrolyzing both cyclic AMP
and cyclic GMP. The major increase in phosphodiesterase
activity occurred in this 2nd, nonspecific peak, eluting at

12

@@ @::@

S

a

F,ac@,o, No

Chart. 1. DEAE-cellulose chromatography of epidermal extracts pre
pared 30 hr after treatment with acetone or croton oil; extracts (8 ml, 8.7 mg
protein and 7.5 ml; 16.9 mg protein, respectively) were applied to DEAE
cellulose columns (12 x 1.5 cm) and eluted with a sodium acetate gradient
(see â€œMaterials and Methodsâ€•). e, cyclic AMP phosphodiesterase activity; 0,
cyclic GMP phosphodiesterase activity. concn., concentration.

higher salt concentrations. Activity specific for the hydroly
sis of cyclic AMP could not be detected after croton oil
treatment. Although the assays of cyclic AMP phosphodies
terase shown in Chart 1 were carried out at 1 @Mcyclic
AMP, a similar activity profile was obtained in separate
experiments when assays contained 400 @Mcyclic AMP.
The increase in activity induced by croton oil was greaten
when measured at the higher level of cyclic nucleotide.

Effect of Phentolamine on Epidermal Cyclic AMP Phos
phodiesterase Activity. Previous studies have shown that
cyclic AMP phosphodiestenase activity is increased in cul
tured mammalian cells by incubation with N2-06-dibutynyl
cyclic adenosine 3':5'-monophosphate (3, 23) or with
agents expected to cause an increase in intracellular cyclic
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TreatmentCyclic

AMP (pmole/pgDNA)ControlPhentolamineExperiment

1Acetone0.29
Â±0.03@(3.08 Â±O.4)b0.28 Â±0.02 (3.88 Â±0.36)Croton

oil0.47 Â±0.03 (5.72 Â±0.55)
(p<0.01) (p<0.01)0.32

Â±0.05 (3.84 Â±0.38)
(p>0.1)(p>0.1)Experiment

2Acetone0.17
Â±0.0260.17 Â±0.019Croton

oil0.47 Â±0.07
(p<0.O1)0.23

Â±0.02
(p>0.1)

Croton Oil, Epiderma! Cyclic AMP, Cyclic GMP Phosphodiesterases

AMP levels (3, 18, 23, 26). Themeisevidencethat this induc
tion involves new protein synthesis (3, 18, 23, 26) and me
quires the presence of a cyclic AMP-dependent protein
kinase (3). Therefore, experiments were conducted to deter
mine whether an increase in the basal epidermal cyclic AMP
levels is responsible for the increase in the low-affinity
phosphodiesterase activity observed in the present expeni
ments. Previous reports have shown that treatment of
mouse skin with the phonbol ester TPA caused a rapid rise
inthe basal levelof cyclicAMP, peaking about 2 hr after

replication (7). The basal cyclic AMP level then decreased
below the control level, followed by a larger and more
sustained rise about 30 hr after application. Similarly, an
elevation of epidemmalcyclic AMP levels has been observed
24 hr after application of croton oil on benzo(a)pynene (28).
Grimm and Marks (7) made the interesting observation that
the TPA-induced increase in cyclic AMP levels could be
abolished by injection of phentolamine (an a-receptor antag
onist), but not by the /3-receptor antagonist propanolol. In
the present experiments, it was confirmed that the applica
tion of croton oil resulted in an increased level of cyclic
AMP measured at 75 mm or 30 hr and that this increase was
abolished by the injection of phentolamine (Table 3). In
Table 4 it is shown that injection of phentolamine but not
propanolol, 15 mm before croton oil application, signifi
cantly decreased the increase in cyclic AMP phosphodies
temaseactivity measured after 6 hr. Similarly, the croton oil
induced increase in enzyme activity measured at 30 hr was
decreased when phentolamine was injected 24 hr after treat
ment. Taken together, these data strongly suggest that the
increase in epidemmal cyclic AMP phosphodiestemase activ
ity is induced by an increase in the basal level of cyclic AMP.

Effect of Cycloheximide on the Induction of Cyclic AMP
Phosphodiesterase by Croton Oil. The increase in epider
mal cyclic AMP phosphodiesterase activity induced by cno
ton oil 6 hr after treatment could be partially prevented by
multiple injections of cycloheximide (Table 5). Under the
conditions used, injection of a single dose of cycloheximide
caused a 76% inhibition of the incorporation of [3Hlleucmne

into epidermal proteins over a 60 mm period (see â€œMaterials
and Methodsâ€•).

Preliminary experiments (A. K. Verma, unpublished data)
have shown that the treatment with cycloheximide resulted
in a slight increase in basal cyclic AMP levels. Conse
quently, the inhibitory effects of cycloheximide cannot be
an indirect effect resulting from a drop in the level of this
nucleotide.

DISCUSSION

All of the enzymic activities presented here have been
expressed relative to the amount of protein present, al
though similar trends and less variability were observed
when DNA content was used as the base line. However,
expression of activities relative to total protein was thought
to be of more general value.

The application of croton oil to mouse skin causes com
plex changes in epidemmal cyclic AMP and cyclic GMP
phosphodiestemase activities. Total enzyme activity is in
creased, and the partially inhibiting effects of cyclohexi
mide suggest that this is associated with new protei n synthe
sis. In common with other studies on the induction of cyclic
AMP phosphodiestenase activity in cultured mammalian
cells (3, 18, 23, 26), it is uncertain whether synthesis of new
phosphodiesterase enzyme or synthesis of a specific pro
tein activator of the enzyme occurs.

In common with many tissues (18, 19, 22), the epidermal
extracts were shown to contain separate enzymes for the
hydrolysis of cyclic AMP and cyclic GMP. Previously, this
had been presumed from substrate inhibition studies and
from differences in metal ion specificity (12). However, the
major increase in phosphodiesterase activity occurred in a
fraction eluting late from DEAE-cellulose columns that hy
drolyzed both cyclic AMP and cyclic GMP. Because of the
incomplete purification achieved, it cannot be assumed that
both activities reside in a single-protein species.

During the course of these experiments, considerable

Table3
Effect of phentolamine on the basal levels of cyclic AMP in mouse epidermis

In Experiment 1, phentolamine (1 mg/animal) was injected 15 mm before treatment with
acetone or croton oil. The animals were sacrificed after 60 mm. In Experiment 2, phentol
amine mesylate was injected 28 hr after treatment with acetone or croton oil and the
animals were sacrificed after 2 hr. Controls were injected with the dextrose/sodium
metabisulphite solution used as a vehicle for the phentolamine mesylate.

a Mean Â± S.E. of determinations carried out on 5 animals.

b Numbers in parentheses, values (Â±S.E.) expressed as pmoles of cyclic AMP per mg of

protein.
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TreatmentPhosphodiesterase

activity
(pmoles/min4cgprotein)Acetone

CrotonoilExperiment

1Control0.56
Â±0.03@ 1.63 Â±0.19Phentolamine0.78
Â±0.10 0.92 Â±0.08

(p<0.01)(p'czo.01)Experiment
2Control0.77

Â±0.07 1 .54 Â±0.13Propranolol0.73
Â±0.03 2.00Â±0.10

(p>0.1)(p<0.05)Experiment
3Control0.42

Â±0.05 3.37 Â±0.40Phentolamine0.72
Â±0.06 2.23 Â±0.28

(p < 0.05) (p < 0.05)

TreatmentPhosphodiesterase

activity
(pmoles/min/mgprotein)Acetone

CrotonoilExperiment

1Control807
Â±48@ 2453Â±421Cycloheximide846
Â±20 1625 Â±113

(p>0.1)(p<0.05)Experiment
2Control534

Â±69 966 Â±64Cycloheximide755
Â± 41

(p < 0.02)

A. K. Verma et a!.

paper, 1 showed a highly significant increase in high-affinity
phosphodiestemase activity (Table 1), and the other showed
no significant change (Table 2). In addition, as mentioned in
â€œResults,â€•in some experiments croton oil treatment led to a
decrease in cyclic AMP phosphodiestenase activity assayed
at 1 @Msubstrate. These results are not compatible with a
simple model, in which croton oil selectively increases the
net synthesis of a pre-existing low-affinity phosphodiester
ase with no effect on the activity of a separate high-affinity
enzyme. Such a situation must always lead to increased
activity when assayed at low cyclic AMP concentrations
(although to a lesser extent), with the amount of change
dependent on the amount of increase in low-affinity activity.
Although it is known that both cyclic AMP and cyclic GMP
phosphodiesterase activity in epidenmal extract show bi
phasic double-reciprocal plots (Ref. 11; A. K. Verma, M.
Fmoscio, and A. W. Murray, unpublished data), it is not
known whether such kinetics results from a mixture of high
and low-affinity enzymes on from negative cooperativity
(20). Consequently, examination of the effect of croton oil
treatment on the hydrolysis of cyclic AMP and cyclic GMP at
low concentrations will require further purification of the
enzyme activities, together with a detailed kinetic analysis.

It is also necessary to consider to what extent the changes
in phosphodiesterase activity may be related to the altena
tions in cyclic AMP metabolism following treatment with
croton oil on benzo(a)pyrene. Thirty hr after treatment with
both materials, the basal level of cyclic AMP is increased
and the accumulation of cyclic AMP in response to isopro
terenol is diminished (7, 28). The available evidence sug
gests that the initial rise in cyclic AMP levels occurs before
major alterations in phosphodiestemase activity and is proba
bly involved in inducing these alterations. Consequently,
the increase in the activity of low-affinity phosphodiesterase
activity is not likely to be a key factor in the production of
high basal levels of cyclic AMP, although it may be involved
in maintenance of the altered steady-state cyclic AMP con
centmation. This is supported by the observation that basal
levels of cyclic AMP in cnoton oil-treated animals are rapidly
returned to control values by the a-receptor antagonist
phentolamine (see Ref. 7 and Table 3), suggesting that an a-
meceptom-adenylatecyclase interaction is involved in gener
ating the higher cyclic AMP levels. However, the increased
phosphodiesterase activity may provide a mechanism for
the decreased responsiveness of epidemmal cyclic AMP 1ev
els to isoprotenenol after croton oil or benzo(a)pyrene treat
ment (7, 28). Similarly, Schwartz and Passonneau (23) have
concluded that induction of phosphodiesterase activity by
cyclic AMP in rat glioma cells exposed to norepinephnine is
at least partly responsible for the decreased accumulation
of cyclic AMP following a 2nd exposure to norepinephnine.
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