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SUMMARY

The effect of benzo(a)pyrene on the accumulation of cyclic
adenosine 3',S'-monophosphate (cyclic AMP) in mouse skin in
response to isoproterenol has been measured. Topical applica
tion of benzo(a)pyrene caused a rise in the basal levels of
cyclic AMP and a decreased response to isoproterenol, either
injected i.p. or added to a salts medium containing skin pieces.
The decreased response was not due to an increased
metabolism of isoproterenol. Application of benzo(a)pyrene
to the dorsal skin did not increase the basal cyclic AMP levels
in the ears; this indicates that the carcinogen does not cause a
generalized increase in 13-receptor stimulation. The character
istic diurnal fluctuation in epidermal cyclic AMP levels present
in untreated mice was not observed after benzo(a)pyrene
treatment.

A similar decrease in the isoproterenol stimulation of cyclic
AMP occurred after application of croton oil or acetic acid to
mouse skin, indicating that the effect was not specific for
carcinogens. Acetic acid application did not increase the basal
levels of cyclic AMP.

INTRODUCTION

Little is known about the molecular events that lead to the
development of cancers in mouse epidermal cells after
treatment with carcinogenic polycycic hydrocarbons. Al
though the â€œ2-stageâ€•hypothesis of carcinogenesis (1 , 2) is
generally accepted as a working model, essentially nothing is
known of the chronology of significant molecular events
during the defined â€œstages.â€•

Hyperplasia of mouse epidermal cells is observed following
topical application of carcinogens (8) or tumor promotors
(30), although this has not been unequivocally linked to the
processes of initiation and promotion. Because of the
proposed involvement of cyclic AMP2 as a growth regulator in
mammalian cells (5, 13, 16â€”18,28) including epidermal cells
(14, 2 1, 32), it was decided to determine whether changes in
the adenyl cyclase system occurred following carcinogen
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application. In a preliminary report (15) it was shown that
treatment of mouse skin with benzo(a)pyrene reduced the
accumulation of epidermal cyclic AMP in response to an i.p.
injection of isoproterenol. This effect is further characterized
in this paper.

MATERIALS AND METHODS

Materials. Mice were female Swiss albino animals and were
used at approximately 3 months of age. Benzo(a)pyrene was
obtained from Calbiochem Australia Ltd., Sydney, Australia;
croton oil and L-isoproterenol were from the Sigma Chemical
Co., St. Louis, Mo.; isoproterenol-3 H (8.7 Ci/mmole) and
cyclic AMP-' H (27.5 Ci/mmole) were from the Radiochemical
Centre, Amersham, England.

Treatment of Mice. Animals were kept in a room with an
artificial rhythm of dark and light periods (dark from 5 a.m.
to 5 p.m.). The back skin of the animals was shaved and the
only animals used were those that did not show a regrowth of
hair over 7 days. Benzo(a)pyrene was applied as a 1% (w/v)
solution in acetone; shaved areas of individual mice were
treated with 2 drops of the benzo(a)pyrene solution (equiva
lent to 0.05 to 0.06 mg of hydrocarbon per mouse). Control
mice were treated with the same volume of acetone. In some
experiments treatments were applied on Days 1, 4, and 7, and
the animals were used for experimentation on Day 9 . Where
appropriate, similar applications of acetic acid and croton oil
in acetone were made [0.25 ml of 25% (w/v) and 0.2 ml of
0.5% (v/v) solutions, respectively] . All mice were killed
between 9 a.m. and 3 p.m.

In Vivo Experiments. At appropriate time intervals after
application of the test solutions to groups of animals, the
accumulation of epidermal cyclic AMP in response to an i.p.
injection of L-isoproterenol was measured. The level of cyclic
AMP was measured 10 mm after injection of isoproterenol (10
nmoles/g body weight) or 0.9% NaC1 solution. The methods
for preparation of the skin extracts and for the measurement
of cyclic AMP levels have been described previously ( 15). Mice
were killed by cervical dislocation, and the skin was excised
and pinned dorsal side down on a cork board. All operations
were carried out in a 4Â°room. The skin was wetted thoroughly
with 5% (w/v) TCA at 4Â°,and the epidermis was scraped off
with a scalpel blade and transferred to a glass homogenizer
containing 1 ml of cold 5% (w/v) TCA. Less than 3 mm
elapsed between the death of the animal and suspension of the
epidermis in TCA. After homogenization, the suspension was
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centrifuged and the residue was washed with a further 1 ml of
cold 5% (w/v) TCA. Cyclic AMP levels in the combined
extracts were measured as described previously (I 5). Histo
logical examination of the residual skin indicated that the
scraping procedure removed most of the interfollicular
epidermis with some contamination from the dermal layer.
With this methodology it is not possible to regulate precisely
the degree of dermal contamination. However, the technique
minimizesthe possibilityof fluctuation in cyclicAMPlevels
during sample preparation.

The DNA content of the acid-insoluble material was
measured by the method of Burton (6).

In Vitro Experiments. Animals were killed by cervical
dislocation at appropriate times after the application of
benzo(a)pyrene to test groups or of acetone to control groups.
The dorsal skin was excised and rinsed in ice-cold Bullough's
(4) medium.Theskinwasplacedepidermis-side-downon an
ice-cold glass plate, and the subcutis was scraped off with a
razor blade. Skin from each mouse was cut into 2 pieces
(approximately 2 x 0.5 cm) and transferred to a flask
containing Bullough's medium at 38Â°(100 ml of medium per
12 skin pieces). The medium was bubbled with ultrapure
oxygen for 5 mm, and the flasks were sealed and incubated for
a further 5 min. The appropriate additions were then made
(Bullough'smediumor mediumcontainingL-isoproterenol),
and the sealed flask was incubated at 38Â°with shaking for the
appropriate time. The skin pieces were removed to liquid
nitrogen, individually pulverized with a mortar and pestle
under liquid nitrogen, and individually extracted with 2 ml of
ice cold 5% (w/v) trichioroacetic acid. The samples were
fractionated and cyclic AMP levels measured as described
before (15).

Metabolism of Isoproterenol by Skin Pieces. Skin pieces
were incubated as described above in medium containing i0@
M isoproterenol-3 H (0.2 jiCi/ml). At intervals, pieces were
removed to liquid nitrogen, extracted with trichloroacetic acid
as described above, and lyophilized . The extracts were
chromatographed on Whatman No. 3MM paper with a solvent
of 1-butanol:acetic acid:H20 (4: 1: 1; by volume). After the
paper was dried, isoproterenol (RF 0.72) was located by
spraying with 0.44% K3 Fe(CN)6 in 0.1 M potasium phosphate
buffer, pH 7.4 (12). This area, that with RF greater than 0.8
(O-methylisoproterenol), and that between RF 0.2 and 03
(conjugates of isoproterenol and O-methylisoproterenol) were
eluted with 10 ml H20. After lyophilisis and redisolution in
025 ml H2 0, radioactivity was measured by scintillation
counting in Bray's (3) solution. These methods were developed
from those described by Hertting (12). In separate experi
ments, hydrolysis of the material eluted from the paper
between RF 0.2 and 03 with 1 N HC1 for 15 mm at 100
resulted in its quantitative conversion into isoproterenol and
O-methylisoproterenol.

Mitotic Index Determinations. Groups of 6 mice were
treated 3 times with benzo(a)pyrene or acetone over 9 days as
described above. Each animal was given i.p. injections of 0.1
mg of colchicine 4 hr before sacrifice. Skin samples were fixed
in Zenker's solution, dehydrated, and embedded in Paraplast.
Sections (5 jim thick) were stained with hematoxylin and
examined under oil immersion. A total of 39,000 cells were
scored from acetone-treated control animals, and 25 ,000 cells

were scored from benzo(a)pyrene-treated animals. The mitotic
index is expressed as the number of mitoses per 100 epidermal
cells.

RESULTS

The Effect of Benzo(a)pyrene on Epidermal Cyclic AMP
Levels in the Presence and Absence of Isoproterenol

In Vivo Studies. In earlier experiments (1 5), epidermal
cyclic AMP accumulation after isoproterenol injection was
unaffected 30 mm after application of benzo(a)pyrene but was
depressed 24 hr after application. More detailed experiments
are summarized in Chart 1. It is clear that changes occur
between 6 and 14 hr after carcinogen application and that the
changes involve both an increase in basal cyclic AMP levels and
a decrease in the absolute level accumulated after isopro
terenol injection. In separate experiments it was established
that basal cyclic AMP levels and the response to isoproterenol
were unaltered 24 hr after a single application of acetone. Over
the 24-hr period studied, the basal cyclic AMP level increased
from 0.44 Â±0.05 to 0.93 Â±0.14 pmole/jig DNA (p < 0.01).
Total cyclic AMP accumulated 10 mm after isoproterenol
injection was 4.29 Â±0.71 pmoles/jig DNA at zero time and
232 Â±0.25 pmoles/jig DNA 24 hr after benzo(a)pyrene
application (p < 0.05). Applications of benzo(a)pyrene were
timed so that sampling was always carried out between 9 a.m.
and 3 p.m. (i.e., during the dark period). Separate experiments
have shown that the basal cyclic AMP levels in control mice
are constant over this period (see below). Consequently, the
increases in basal levels of cyclic AMP observed after
carcinogen application are not a result of diurnal variations.

It was thought possible that the increase in the basal level of
cyclic AMP resulted from a generalized â€œstressâ€•reaction
following benzo(a)pyrene application rather than from a
localized interaction of the carcinogen with the epidermal
cells. If a generalized reaction occurred then local application
of benzo(a)pyrene would be expected to raise cyclic AMP
levels in other tissues capable of responding to j3-receptor

HOURS AFTER TREATMENT

chart 1. The effect of benzo(a)pyrene on the accumulation of cyclic
AMP in mouse skin. Each point represents the mean Â±S.E. of
determinations carried out on 6 animals. At varying times after the
application of benzo(a)pyrene to mouse skin, groups of mice were given
i.p. injections of 0.9% NaG solution (.) or isoproterenol (o). After 10
nun the animals were sacrificed and areas of skin were removed for
cyclic AMP extraction and measurement.
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TreatmentCyclic

AMP (jmoleshtg DNA)Isoproterenol/

controlControlIsoproterenolNone

Acetone
Benzo(a)pyrene0.36

Â±0.06
0.38 Â±0.06
0.54 Â±0.05

(p>0.1)2.31

Â±0.7
1.99 Â±0.38
0.61 Â±0.08

(p<0.01)6.4

5.2
1.1

Treatment
(applied to dorsal skin)Cyclic

AMP (pmole/pg DNA)Mitotic
index

(dorsalskin)DorsalskinEarsAcetone0.14

Â±0.010.16 Â±0.030.29 Â±0.02Benzo(a)pyrene0.43
Â±0.09

(p<0.01)0.22
Â±0.05

(p>0.1)i.05
Â±0.09

(p<0.0l)

Cyclic AMP (pmoles/pgDNA)Isoproterenol/0.9%0.9%TreatmentNaCl

solutionIsoproterenolNaClsolutionExperiment

1Acetone0.22
Â±0.022.56 Â±0.1311.6Acetic

acid0.24 Â±0.02
(p>0.1)0.86

Â±0.1 3
(p<0.01)4Experiment

2Acetone0.27

Â±0.023.55 Â±0.5313Croton
oil0.42 Â±0.05

(p<0.05)1.37
Â±0.27

(p<0.0l)3.3
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stimulation. As shown in Table 1, 3 applications of benzo(a)
pyrene to the dorsal skin of mice over a 9-day period caused a
3-fold increase in the basal level of cyclic AMP. However, this
application of benzo(a)pyrene did not affect the level of cyclic
AMP in the ears. In a separate experiment it was shown that
10 mm after the i.p. injection of isoproterenol into control
mice the cyclic AMP level in the ears was increased from 0.39
Â±0.04 to 2.63 Â±0.43 pmoles/j.zg DNA (6 animals in each
group). Consequently, we feel that the elevated level of cyclic
AMP after benzo(a)pyrene treatment is a result of the direct
interaction of the carcinogen, o@a metabolite of it, with the
epidermal cells.

In a separate experiment, also summarized in Table 1, it was
shown that the increased basal level of cyclic AMP was
associated with an increase in the mitotic index of the
epithelial cells.

The decrease observed in the in vivo response of epidermal
cyclic AMP level to isoproterenol was not restricted to
carcinogens. As shown in Table 2 , a similar result was obtained
24 hr after the application of a solution of acetic acid in
acetone. However, in this case an increase in the basal level of
cyclic AMP was not observed. In a separate experiment no

Table 1
Effect ofbenzo(a)pyrene on basal cyclic AMP levels and mitotic index

in mouse epidermis
Mice were treated with 3 applications of acetone or benzo(a)pyrene

over 9 day& Each figure represents the mean Â±S.E. of determinations
carried out on 6 animals. Separate groups of animals were used to
determine cyclic AMP levels and for mitotic index determinations.
Values of p for the comparison between acetone and benzo(a)pyrene
treatments are shown in parentheses.

Table 3
Effect ofpretreatment with benzo(a)pyrene on the
isoproterenol-induced accumulation of cyclic AMP

in mouse skin pieces
Micewere treated with 3 applications of acetone or benzo(a)pyrene

over 9 days. Each figure is the mean Â±S.E. of determinations carried
out on 6 separate skin pieces isolated from 3 mice. Valuesof p for the
comparison between acetone and benzo(a)pyrene treatments are shown
in parentheses.

3

4
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Chart 2. Time course of cyclic AMP accumulation in skin pieces
incubated in the presence of isoproterenol. Skin pieces were obtained
from animals treated 3 times with benzo(a)pyrene over 9 days (.) or
from acetone-treated controls (o) and were incubated as described in
â€œMaterialsand Methods.â€•Each point represents the mean Â±S.E. of
individual determinations carried out on 6 skin piecesobtained from 3
mice. The experiments with acetone and benzo(a)pyrene were carried
out at different times with different groups of animals,and the absolute
values cannot be compared.

increase in the basal cyclic AMP level was observed after 2
applications of acetic acid over 5 days. Acetic acid is an
irritant that rapidly induces cell proliferation after application
to mouse skin but does not act as a tumor promotor (10, 20,
26). Similarly, application of croton oil caused both a decrease
in the isoproterenol response and an increase in the basal level
of cyclic AMP after 24 hr. This result has been reported
previously using the pure tumor promotor TPA, a component
of croton oil (9).

In Vitro Studies. As shown in Table 3, incubation of
untreated mouse skin pieces for 5 mm with 10@ M
isoproterenol caused a 6-fold increase in the level of cyclic
AMP. A similar stimulation was observed with skin pieces from
mice that had been treated 3 times with acetone over 9 days.
However, the cyclic AMP levels of skin pieces from mice
treated with benzo(a)pyrene were not significantly increased
by isoproterenol (Table 3).

Table 2
Effect ofpretreatment with acetic acid or croton oil on the

isoproterenol-induced accumulation of cyclic
AMP in mouse skin

Mice were treated with I application of acetic acid or acetone and
tested for their response to isoproterenol after 24 hr as described in
â€œMaterialsand Methods.â€•Each figure represents the mean Â±S.E. of
determinations carried out on 6 animals. Values of p for the
comparisons between acetone and either acetic acid or croton oil
treatments are shown in parentheses.
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TreatmentCompound%

totalradioactivitySkinMediumBenzo(a)pyreneIsoproterenol

O-Methylisoproterenol
Conjugates91.5

3.3
5.272.5

13.8
13.7AcetoneIsoproterenol

O-Methylisoproterenol
Conjugates90.5

3.8
5.781.0

8.4
10.6

Benzo(a)pyrene and Mouse Epidennal Cyclic AMP

In a more detailed experiment, the accumulation of cyclic
AMP was followed with time after addition of isoproterenol
(Chart2).Therewasnoevidenceof analteredtimecourseof
cyclic AMP accumulation in skin pieces from benzo(a)pyrene
treated animals. The decline in cyclic AMP levels after about 7
mm of incubation has been observed before (21). Some
possible explanations for this decrease were tested. The decline
was not due to degradation of isoproterenol. Chromatographic
analysis (see â€œMaterialsand Methodsâ€•)after incubation with
isoproterenol-3 H showed that about 90% of the radioactive
material isolated from skin and medium was associated with
unchanged isoproterenol after 30 mm incubation. In addition,
medium that had been â€œpreconditionedâ€•by incubating with
skin pieces for 30 mm was able to support normal
accumulation of cyclic AMP in fresh skin pieces incubated for
5 mm. In separate experiments skin pieces were incubated
with isoproterenol for 30 mm and then transferred to fresh
medium containing fresh isoproterenol (10@ M) for a further
5 mm. No stimulation of cyclic AMP levels was observed. Thus
it appears that the observed decline after 7 mm incubation (see
Chart 2) is a result of change(s) in the skin pieces. A general
decrease in ATP levels does not seem responsible for the
decline. Although removal of skin from mice followed by 5
mm incubation in Bullough's medium resulted in a rapid
decrease in ATP levels, this decline did not continue with
further incubation (A. K. Verma, unpublished material).
Similarly, treatment of skin with benzo(a)pyrene did not
depress epidermal ATP levels. Other possible explanations for
the decline in cyclic AMP levels include decreased adenyl
cyclase activity, increased cyclic AMP phosphodiesterase
activity, decreased binding of isoproterenol to membrane
receptors or â€œuncouplingâ€•of hormone binding and adenyl
cyclase activity. Experiments were also carried out to
determine whether treatment with benzo(a)pyrene increased
the activity of enzymes converting isoproterenol into an
inactive form. Skin pieces from control animals or animals
treated with benzo(a)pyrene were incubated with isopro
terenol-3 H, and the medium and skin extracts subjected to
chromatographic analysis (see â€œMaterialsand Methodsâ€•). The
results are shown in Table 4. After 5 mm incubation, most of
the radioactivity was associated with unchanged isoproterenol,
both in the skin pieces and in the incubation medium.

Table 4
Effect ofrreatment with benzo(a)pyrene on the metabolism of

isoproterenol by mouse skin pieces
Mice were treated with 3 applications of acetone or benzo(a)pyrene

over 9 days. Each value is the mean of duplicate experiments, each
containing 3 skin pieces. Incubation was carried out for 5 mm, and
metabolites were identified as described in â€œMaterialsand Methods.â€•
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Chart 3. Diurnal variation of basal epidermal cyclic AMP levels in
acetone (o)- and benzo(a)pyrene (.)-treated mice. Treatments were
applied 3 times over a 9-day period. Periods of light and dark are
indicated on the chart. Each point represents the mean t S.E. of
determinations carried out on 6 animals.

Pretreatment with benzo(a)pyrene caused no major changes in
isoproterenol metabolism.

Effect of Benzo(a)pyrene Treatment on the Diurnal Variations
in Epidermal Cyclic AMP

It has recently been shown (14) that epidermal cyclic AMP
levels show a pronounced circadian rhythm. High levels of
cyclic AMP were observed during the light period, but it was
not possible to correlate cyclic AMP levels at any time with
either mitotic activity or DNA-synthetic activity. In the
present experiments the effect of benzo(a)pyrene treatment
on the diurnal fluctuations in epidermal cyclic AMP levels was
studied. To limit the interaction between animals, numbers
were restricted to 2 mice/cage. The results are summarized in
Chart 3. With acetone-treated animals, a clear peak in cyclic
AMP accumulation was observed near the middle of the light
period, although the fluctuations were not as dramatic as those
reported by Marks and Grimm (14). After benzo(a)pyrene
treatment,thebasalcyclicAMPlevelswereelevated,andthere
was no evidence for a regular diurnal rhythm in cyclic AMP
accumulation. Animal to animal variation was considerably
greater in these mice. As discussed before we think it is
unlikely that the increased basal levels in cyclic AMP are due
to a generalized release of fl-receptor stimulators in benzo(a)
pyrene-treated mice. Thus it appears that carcinogen treatment
prevents the epidermal cells from responding to the physio
logical stimuli that normally regulate cyclic AMP levels.

DISCUSSION

All values of cyclic AMP levels reported in this paper have
been expressed relative to the amount of DNA present;
consequently, it is necessary to consider the potential errors
using DNA as a base line. The data have been interpreted as
showing a decreased accumulation of cyclic AMP in response
to isoproterenol after benzo(a)pyrene treatment. Thus it is
assumed that the mean DNA content per epidermal cell
remains constant and that the mean cyclic AMP content per
cell falls. This seems reasonable in experiments up to 24 hr
after benzo(a)pyrene application (Chart 1) as DNA synthesis
(as measured by thymidine incorporation) does not begin until
after this time 0). Thomas, unpublished material), and the

DECEMBER 1974 3411

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2392176/cr0340123408.pdf by guest on 19 M

ay 2023



A.K. VermaandA. W.Murray

total DNA per unit area of skin also remains constant (A. K.
Verma, unpublished material). The latter finding rules out the
possibility that invasion of the skin by leukocytes and
inflammatory cells (26) contributes to the results obtained.
Nine days after treatment extensive hyperplasia was evident,
but histological examination did not indicate an increase in
polyploidy. Consequently, it is felt that in these longer-term
experiments also benzo(a)pyrene causes a decrease in the mean
amount of cyclic AMP accumulated per cell in the presence of
isoproterenol.

With the above reservations, the results presented indicate
that application of benzo(a)pyrene to mouse skin rapidly
causes measurable changes in the epidermal adenylate cyclase
system,althoughthemolecularbasisforthesechangesisnot
known. A similar decrease in the accumulation of epidermal
cyclic AMP following isoproterenol injection was obtained
with the nonspecific irritant acetic acid and with croton oil
and has been reported after application of the croton oil
derivative TPA to mouse skin (9, 25). Thus the simplest model
is to include the changes as part of the sequential â€œcascadeâ€•of
biochemical effects that occur after application of promotor
(22), carcinogen (19), and acetic acid (25) to mouse skin and
that lead to hyperplasia of the epidermal cells.

This model, however, assumes that cyclic AMP is a key
growth regulator in normal epidermal cells, and this has not
been established. In what may be an analogous situation (18)
it was observed that addition of serum to quiescent 3T3 cells
in culture caused a rapid and transient drop in cyclic AMP
levels, followed after about 20 hr by a pulse of DNA synthesis.
The drop in cyclic AMP level was interpreted as a â€œtriggerâ€•
leading to the initiation of DNA synthesis. A similar drop in
cyclic AMP levels, preceding DNA synthesis, has been observed
following infection of cultured cells with simian virus 40 (24)
or with adenovirus type 12 (23). No such decrease is observed
following application of benzo(a)pyrene to mouse skin,
although a detailed time course has not been obtained; in
general, a consistent elevation in cyclic AMP levels is observed.
The earliest time points that have been examined are 15 mm
(15) and 2 hr (A. K. Verma, unpublished material). In a
detailed study (9), Grimm and Marks have shown that a single
application of TPA to mouse skin causes an initial rise in
epidermal cyclic AMP, followed by a decrease below control
levels and finally a 2nd, and more prolonged, rise in cyclic
AMP levels. The period of low cyclic AMP level did not
correlate with the initiation of DNA synthesis inasmuch as no
such depression was observed with phorbol-dibenzoate, a
potent hyperplastic agent. The present results, and those
reported by Grimm and Marks (9), suggest that hyperplasia
can be associated with a higher than normal cyclic AMP level.
In addition there are several reports of high cyclic AMP levels
in rapidlygrowingtumors (7, 29). Theseresultsare seemingly
at variance with the concept of an inverse relationship between
cyclic AMP levels and growth rate (1 7, 18). In the mouse skin
system it is assumed that benzo(a)pyrene and TPA have a
generalized effect over all the epidermal cells, but the situation
is complicatedbecauseof the highlyheterogeneouspopulation
of cells present in skin. For example, DNA synthesis and
mitosis are restricted to the basal layer of mouse and rat
epidermis (31). Consequently, it is possible that the elevated
levels of cyclic AMP, detected after benzo(a)pyrene treatment,
are restricted to the differentiating cells in the epidermis and

that levels in the basal layer are unaltered or even lowered.
Nevertheless the available data suggest that the relationship
between cyclic AMP level and growth rate is likely to be a
complex one. A more important index may be the relative
levels of cyclic AMP and cyclic GMP. Thus in quiescent 3T3
cells stimulated by the addition of serum, the rapid fall in
cyclic AMP levels is associated with an increase in cyclic GMP
levels (27). In addition DNA synthesis could be induced by the
addition of dibutyryl cyclic GMP to the cultured cells.
Stimulation of lymphocytes by mitogens causes a rise in
intracellular cyclic GMP levels with no change in cyclic AMP
levels (1 1). These results suggest that the level of cyclic GMP
may be critical as a positive signal in the induction of cellular
proliferation. Consequently, the possible involvement of this
nucleotide in the stimulation of epidermal cell proliferation
following carcinogen application is currently under examina
tion.
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