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Abstract—The effect of anti-tumour alkylating agents on the adenosine 3',5'-monophosphate (cyclic AMP)
levéls of sensitive and resistant Walker carcinoma cells in tissue culture has been investigated. Chlorambu-
cil caused a two-fold elevation of cyclic AMP, in the sensitive line only, 8 hr after treatment with a dose
of 5 ug/ml. A comparable increase is produced by the cyclic nucleotide phosphodiesterase inhibitor
aminophylline at a dose which produces the same degree of inhibition of cell growth. The therapeutically-
inactive monofunctional N-ethyl analogue of chlorambucil had no effect on the cyclic AMP level of the
sensitive cells at a dose of 250 ug/ml after 8 hr, while the highly selective monofunctional alkylating agent,
CB 1954, at 1 pg/ml caused an elevation of cyclic AMP in the sensitive line 24 hr after treatment. This
is not a non-specific effect caused by an inhibition of cell growth for the antimetabolite methotrexate had
no effect on the intracellular cyclic AMP of sensitive Walker cells at doses which produced complete inhi-
bition of cell growth. The effect of the alkylating agents on cyclic AMP levels is probably due to a specific
inhibition of the cyclic nucleotide phosphodiesterase with a low K,, value, since only this form of the
enzyme is inhibited, and only in the sensitive cells, when an effect on cell growth and cyclic AMP content
is observed. In the case of CB 1954, however, there was no inhibition of either form of the phosphodiester-
ase at a time when cyclic AMP levels were elevated. A linear relationship exists between the reciprocals
of the intracellular cyclic AMP and the percentage growth inhibition produced by a given dose of chlor-

ambucil.

The general consensus of opinion is that the alkylating
agents exert their anti-mitotic effects by inter-or intra-
strand [1, 2] cross-linking between the N, atoms of
adjacent guanines of the twin strands of DNA [3, 4].
Thus, while difunctional alkylating agents have been
shown to be potent anti-tumour agents in experimen-
tal systems, their corresponding monofunctional ana-
logues, while often just as toxic, rarely have any anti-
tumour properties.

There are, however, a number of facts that do not fit
in with this hypothesis. It is difficult to account for the
selectivity of the alkylating agents. Thus, bis-methane-
sulphonates are more specific inhibitors of the growth
of myeloid tissue than are the bis-2-chloroethylamines
[5]. whereas the latter compounds are more specific
for lymphatic tissue [6]. Also, while the general rule
that only difunctional alkylating agents show anti-
tumour activity is applicable, three mono-functional
alkylating agents, all aziridines, show good anti-
tumour effects in certain experimental systems. These
compounds are of interest since they cannot cross-link
DNA in the usual manner and presumably inhibit
growth by other mechanisms. One of these agents, 3-
aziridinyl-2,4-dinitrobenzamide (CB 1954), proved to
be the most selective anti-tumour agent so far tested
against the Walker rat carcinoma [7]. Furthermore,
the Walker tumour with acquired resistance to CB
1954 is also cross-resistant to the difunctional alkylat-
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ing agent melphalan, implying that the two drugs have
a similar mechanism of action [8].

If the mechanism of the anti-tumour activity of alky-
lating agents solely involves DNA, then certain differ-
ences between sensitive and resistant cells would be
expected. While E. coli cells resistant to difunctional
alkylating agents can excise the difunctionally alky-
lated guanine moieties from their DNA [9], there
appears to be no difference between sensitive and resis-
tant Yoshida sarcoma cells [10, 117, in the level of alky-
lation of their DNA, the rate of excision of alkylated
moieties, and their ability to carry out non-semi-con-
servative DNA synthesis following treatment with
mustard gas.

Adenosine 3'.5-monophosphate (cyclic AMP) may
be the intracellular mediator by which eukaryotic cells
control their rate of growth [12, 13]. Cyclic nucleotide
phosphodiesterase (adenosine 3',5'-monophosphate
phosphohydrolase, EC 3.1.4.c) converts cyclic AMP to
5-AMP, and inhibitors of this enzyme induce morpho-
logical differentiation of mouse neuroblastoma cells in
culture [14]. The phosphodiesterase inhibitor theo-
phylline retards the rate of intradermal growth of
Rauscher leukaemia virus-induced tumour in Balb/c
mice [15] and suppresses the growth of subcu-
taneously inoculated Walker rat carcinoma cells [16].

A similarity exists between the anti-mitotic effects of
bis-2-chloroethylamines and cyclic AMP. Both inhibit
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during the S period of the cell cycle [17, 18], both
cause an inhibition of DNA synthesis [1. 18], and both
cause cytolysis of mature lymphocytes [6, 19]. More-
over, the anti-tumour action of chlorambucil [4-p-(bis-
2-chloroethylamino)phenylbutyric acid] against Sar-
coma-45 tumours is enhanced when administered in
combination with the adenyl cyclase activator adrena-
line [20].

In the present study, an investigation has been made
of the effect of active and non-active anti-tumour
agents on the intracellular cyclic AMP content of sen-
sitive and resistant Walker carcinoma cells in tissue
culture, and correlates these effects with an inhibition
of the low K,, form of cyclic nucleotide phosphodies-
terase.

MATERIALS AND METHODS

8-[*H]Cyclic AMP (sp. act. 20-7 Ci/m-mole) was
chased from the Radiochemical Centre, Amersham.
Scintillation fluid NE 233 was purchased from Nuclear
Enterprises Ltd., Edinburgh. Aminophylline (2 mole-
cules of theophylline and 1 of ethylene diamine) was
purchased from Sigma Chemical Co. and unlabelled
cyclic AMP from B.D.H. Ltd. Methotrexate was pur-
chased from Lederle Laboratories (Cyanamid) Ltd. All
the alkylating agents used in this study were synthe-
sized in the Chester Beatty Research Institute. Beef
heart phosphodiesterase was prepared by the method
of Goren and Rosen [21].

Cell culture. Cells were grown in Dulbecco’s modi-
fied Eagle’s medium supplemented with 109 foetal calf
serum, under an atmosphere of 109, CO, in air. The
methods used to establish and maintain Walker
tumour cells in culture have been described previously
[22]. A line highly sensitive to alkylating agents,
Walker S (WS), was derived from the Walker ascites
carcinoma 256. A resistant line (WMI) was established
from a tumour line derived from WS by repeated treat-
ment with increasing doses of melphalan. This line has
a degree of acquired resistance to other alkylating
agents including chlorambucil.

Drug treatment. Cells were taken from rapidly grow-
ing cultures and resuspended in fresh medium at 5 x
10° cells/ml. Drug solutions were made up at 100-
times the required concentration and 1 ml of each solu-
tion was added to aliquots of 100 ml of cell suspension.
Aminophylline was dissolved in water and the alkylat-
ing agents in dimethyl sulphoxide. Controls received
solvent alone. Cells treated with aminophylline were
incubated continuously in the presence of the drug.
Alkylating agent treatment was limited to 1 hr, after
which time the cells were centrifuged at 300 g for 3 min,
washed, and resuspended in fresh medium. The cell
suspensions were then incubated at 37° for the periods
stated in the tables.

The effect of drug treatment on cell growth was esti-
mated as previously described [22]. Drugs were added
to cells suspended at 10°/ml in culture medium, and
the cells were then either incubated for 1 hr, washed
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and resuspended at the same density (alkylating
agents) or plated out immediately in the presence of
aminophylline. In either case the suspensions were dis-
pensed in 200 yl amounts into the wells of a 96-well
plastic plate and cel! counts were made every 24 hr on
several wells of each series. Counts were used to con-
struct growth curves from which percentage inhibition
of growth was estimated [22].

Assay of adenosine 3.5 -monophosphate phosphodies-
terase. The assay of adenosine 3'.5-monophosphate
phosphodiesterase is described in the previous paper.
For the assays of both phosphodiesterase and the in-
tracellular cyclic AMP content of Walker carcinoma
256, cells were counted and an appropriate amount of
cell suspension was centrifuged at 300 g for 2 min. For
the phosphodiesterase assay, the cells were resus-
pended in a large volume of isotonic saline and recentri-
fuged. The saline was removed and the cells were sus-
pended in 100 mM Tris-HCI, pH &:1, containing 10
mM MgSO,, and sonicated with a 20-K¢ MSE sonic
oscillator (5 sec/ml). For the determination of the acti-
vity of the high-K,, form of the phosphodiesterase, the
cells were initially suspended at a concentration of 107/
ml of buffer and assayed at 1000 uM cyclic AMP. The
activity of the low K,, form of the enzyme was assayed
at a substrate concentration of 3-3 uM and the soni-
cated cell suspension initially contained 10° cells/ml of
assay buffer. The activity of the phosphodiesterase was
determined in each case by the addition of 0-1 ml of
sonicated cell suspension to 0-1 ml of the Tris-buffer
containing the appropriate concentration of 8-[*H]cyc-
lic AMP. The 5-AMP formed was quantitated as de-
scribed in the previous paper. Protein was estimated
by the method of Lowry et al. [23] using bovine serum
albumin as a standard.

Cyclic AMP assay. The culture medium was care-
fully removed and 1 ml of cold 5%, (w/v) trichloroacetic
acid was added to it within 30 sec. The cells were then
transferred to a tube cooled in ice and the culture
dishes were rinsed with 0-5 ml of 5% trichloroacetic
acid which was then added to the previous extract. 8-
[*H]Cyclic AMP (0:57 pmole; 150,000 cpm) was
added and the suspension was centrifuged for 10 min
at 10,000 g. After the addition of 0-2 ml of 1IN HCl, the
supernatant was ether extracted and lyophilized. The
residue was dissolved in 0-3 ml of 0-086 M Tris—-HCl,
pH 85, containing 4 mM MgCl, and 150 ug/ml of
bovine serum albumin. An aliquot (0-1 ml) of each
sample was treated with 10 ug of beef heart phospho-
diesterase for 3-5 hr at 35°. After heating at 100° for 5
min, both phosphodiesterase-treated and untreated
samples were passed over a column (06 x 10 cm) of
Amberlite CG-120 Type III 400-600 mesh in O-IN
HCI. The column was rinsed with 6 ml of 0-1N HCl
and the cyclic AMP was eluted with dionised water,
lyophilized, dissolved in 0-05 M Tris-HC1, pH 75, con-
taining 4 mM EDTA (0-3 ml) and the cyclic AMP con-
tent was determined by means of an assay kit (Radio-
chemical Centre, Amersham). A standard curve was
performed for each determination. Radioactivity was
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Fig. 1. Dose-response curve for chlorambucil against Walker cells in tissue culture. (@—@) WS; (0—0O)
WML

measured in a modified Bray’s solution [24]. The dif-
ference between phosphodiesterase-treated and un-
treated samples was taken to be the cyclic AMP con-
tent of the Walker cells.

RESULTS

Drug sensitivity of cells. The relationship between the
dose of chlorambucil and inhibition of cell growth for

100¢

60f

% GROWTH INHIBITHI.4

40t

201

g

1000

DOSE OF MONO-FUNCTIONAL
CHLORAMBUCIL  yig/mi

0

Fig. 2. Dose-response curve for monofunctional chloram-
bucil against Walker cells.

the two cell lines, WS and WMI. is shown in Fig. 1.
The doses which gave 50 per cent inhibition of cell
growth were 0-45 pg/ml for WS and 50 pg/ml for
WMI. Fig. 2 shows that the sensitivity of WS to the
monofunctional analogue of chlorambucil [(N-ethyl-
N-2-chloroethylamino)-phenylbutyric acid] was much
less than its sensitivity to the difunctional compound.
In this case 70 pg/m! was required to give 50 per cent
inhibition of cell growth. The monofunctional alkylat-
ing agent S-aziridinyl-2.4-dinitrobenzamide (CB 1954}
is extremely toxic to WS, the dose for 50 per cent
growth inhibition being 0-009 ug/ml. Furthermore the
Walker tumour with induced resistance to melphalan
(WML, also shows a considerable degree of cross-resis-
tance to this agent; the dose for 50 per cent growth in-
hibition being raised to 0-63 ug/ml.

Effect of alkylating agents on the cyclic AMP levels
of sensitive and resistant Walker carcinoma. The levels
of cyclic AMP observed in sensitive and resistant
Walker cells, 8 hr after treatment with various doses of
chlorambucil, are shown in Table 1.

The cyclic AMP of the sensitive cells increases
exponentially with increasing drug dose. This relation-
ship is observed whether cyclic AMP levels are
expressed in terms either of cell volume or of total cell
protein. For this reason all other results are expressed
only in terms of cell volume. A double reciprocal plot
of the relationship between the intracellular cyclic

Table 1. Cyclic AMP content of sensitive and resistant Walker carcinoma cells § hr after treatment with chlorambucil

Cyclic AMP + SE,

Sensitive Resistant
Culture conditions (uM) {pmole/mg protein) {uM) (pmole/mg protein)
No additions 195 + 01 420+ 20 135 £ 005 410 + 20
7-0 pg/ml Chlorambucil 366 + 01 1000 + 20 — —
50 pg/ml Chlorambucil 34 + 005 900 + 20 1-20 £ 005 420 + 20
2-5 pg/ml Chlorambucil 32 4+ 005 850 + 20 — o
1-0 pg/ml Chlorambucil 2:8 + Ot 724 + 18 122 + 005 400 + 20
0-5 ug/ml Chlorambucil 225+ 01 510+ 240 1-26 + 0-05 40-0 + 20
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Fig. 3. Double reciprocal plot between the percentage inhi-
bition of growth (% I) of WS in tissue culture by chlorambu-
cil and the intracellular cyclic AMP (cAMP).

AMP levels and the percentage growth inhibition pro-
duced by chlorambucil is shown in Fig. 3. The linearity
of such a plot suggests that there is either a direct or
indirect relationship between percentage growth inhi-
bition and cyclic AMP levels over the range studied.
In the case of the resistant line (WMI) the basal cyclic
AMP content is somewhat lower than that of the sensi-
tive line when expressed as uM, but not significantly
different in terms of total protein. This level is not
altered by any of the doses of chlorambucil used, even
though a concentration of 5 ug/ml of -chlorambucil
produces the same degree of growth inhibition in
WML, as does 0-5 pg/ml in WS (Fig. 1).

Table 2 shows that the monofunctional N-ethyl ana-
logue of chlorambucil also has no effect on the cyclic
AMP content of WS 8 hr after treatment, even at a
dose of 250 ug/ml which produces 98 per cent inhibi-
tion of cell growth (Fig. 2). Thus inhibition of growth
by this monofunctional alkylating agent would appear
to be produced by a different mechanism from that of
the difunctional analogue.

Table 2. Cyclic AMP content of sensitive Walker car-
cinoma cells 8 hr after treatment with monofunctional
chlorambucil (M.F.C.)

Cyclic AMP

Culture conditions (uM + SE)

No additions 1-94 + 005
250 pg/ml MFC 185 + 01
100 pg/ml MFC 165 + 01
50 pg/ml MFC 1-80 + 01

The effect of chlorambucil on the cyclic AMP levels
in sensitive and resistant Walker carcinoma cells 24 hr
after treatment is shown in Table 3. At this time also
the resistant line shows no significant elevation of in-
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tracellular cyclic AMP at any of the dose levels used.
In the sensitive line the concentration of cyclic AMP
at the two lower dose levels is not elevated significantly
above the control value, whilst the highest dose (5 ug/
ml) produces a 34 per cent elevation.

Table 3. Cyclic AMP content of sensitive and resistant
Walker carcinoma 24 hr after treatment with chlorambucil

Cyclic AMP
(uM + SE)
Culture conditions Sensitive Resistant
No additions 1-94 + 005 1-2 + 005
5 ug/ml Chlorambucil 26 + 01 11 + 01
1 pg/ml Chlorambucil 214+ 01 124+ 01
0-5 ug/ml Chlorambucil 192 + 01 10 + 01

Table 4 shows that the monofunctional alkylating
agent, CB 1954, which is highly effective in inhibiting
the growth of the Walker carcinoma in vivo [7], also
causes a significant elevation of intracellular cyclic
AMP in WS 24 hr after treatment. Because of the
greater potency of this agent, 1 pg/ml has equivalent
growth inhibitory properties to 5 ug/ml of chlorambu-
cil.

Table 4. Cyclic AMP content of sensitive Walker car-
cinoma 24 hr after treatment with CB 1954

Cyclic AMP

Culture conditions (uM + SE)

No additions 195 + 005

1 pg/ml 1954 2:85 + 005
0-4 pg/ml 1954 24+ 01
0-05 pg/ml 1954 22+ 02

Effect of other cell growth inhibitors on the cyclic
AMP levels of sensitive and resistant Walker carcinoma.
In order to investigate whether the elevation of intra-
cellular cyclic AMP produced by the alkylating agents
is specific or just a general consequence of growth inhi-
bition, the effect of the antimetabolite methotrexate on
cyclic AMP levels in WS was determined at doses (1
ug/ml and 02 ug/ml) which produce total inhibition of
cell growth. No significant increase in cyclic AMP was
observed at any dose level tested.

It was also of interest to compare the elevation of
cyclic AMP produced by a traditional phosphodiester-
ase inhibitor such as aminophylline at doses which
produced a comparable degree of growth inhibition to
the alkylating agents. Aminophylline is more toxic
(D50 150 pug/ml) to WMI than to WS (1D, 250 pg/ml).
The effect of 24 hr-treatment of WS and WMI with
aminophylline on cyclic AMP levels and growth inhi-
bition is shown in Table 5. At comparable doses the in-
crease in cyclic AMP produced by aminophylline is
higher in WMI than in WS, which would account for
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Table 5. Cyclic AMP content and percentage growth inhibition of sensitive and resistant Walker carcinoma 24 hr after
treatment with aminophylline

Sensitive Resistant
Cyclic AMP % Inhibition Cyclic AMP % Inhibition
Culture conditions (uM + SEE) of growth (uM + SEE) of growth
No addition 1-77 + 0-1 0 142 + 01 0
500 pug/ml Aminophylline 333 + 006 92 42 4+ 005 100
200 pg/ml Aminophylline 210 + 01 30 28 £ 02 75
50 ug/ml Aminophylline 1-78 £ 0-1 0 232 £ 01 10

its greater toxicity in the former cell line. Also, the in-
tracellular cyclic AMP (42 + 0-05 uM) produced by a
dose of aminophylline (500 ug/mi) which causes 100
per cent inhibition of cell growth in WM, is similar to
the level of cyclic AMP (366 + 0-1 uM) produced by
a dose of chlorambucil (7 ug/ml) causing a similar
degree of growth inhibition in WS (Table 1).

The effect of alkylating agents on cyclic 3',5 -nucleo-
tide phosphodiesterase. In order to investigate the
mechanism of elevation of cyclic AMP by alkylating
agents in WS the possibility of inhibition of cyclic 3',5'-
nucleotide phosphodiesterase was considered. Table 6
shows the specific activity of the enzyme expressed as
nmoles of 5-AMP formed per minute per milligram
of protein, measured at | mM cyclic AMP (which was
considered to measure the “high-K,, enzyme”) and at
33 uM cyclic AMP (near the physiological substrate
level for the “low-K,, enzyme”) in total cell sonicated
suspensions of WS and WMI. The conditions of incu-
bation with respect to time and enzyme concentration
were as described in the previous paper. Total cell sus-
pensions were investigated because of the loss of some
of the high affinity enzyme by centrifugation. Culture
medium was carefully removed, because of its possible
association with some phosphodiesterase activity.
When assayed at 1 mM cyclic AMP, the activity of the
high-K,, form of the phosphodiesterase in both WS
and WMI is similar within the limits of experimental
error. Also, the activity of this form of the enzyme is
unaffected by any of the doses of chlorambucil used in
either cell line. In contrast the activity of the low-K,,
form of the enzyme in WMI is only about 50 per cent

of that observed in WS. A similar ratio was shown in
the previous paper with the 100,000 g supernatant frac-
tions of these two cell lines. Also, whilst the specific
activity of the low-K,, form of the phosphodiesterase
in WMI remains constant at all doses of chlorambucil
employed, that in WS is inhibited by 74, 35 and 12 per
cent at doses of chlorambucil of 5, 1 and 0-5 ug/ml, re-
spectively. This inhibition is statistically highly signifi-
cant. Knowing the K, values of the two enzyme forms,
the activities at low substrate concentration can be
corrected for the contribution of the high-K,, enzyme
and vice versa [25]. At a concentration of cyclic AMP
of 3-3 uM the contribution of the low affinity activity
to that observed is 25 per cent. Thus the observed per-
centage inhibition at 5, 1 and 0-5 pg/ml chlorambucil
can be corrected for the high-K,, activity, which is not
inhibited, to give values of 100, 60 and 37 per cent, re-
spectively. Similarly the contribution of the low-K,,
activity at 1000 uM cyclic AMP is 8 per cent. Thus,
when the low K,, activity is completely inhibited as
with 5 ug/ml of chlorambucil, the specific activity of
the high-K,, form would be expected to fall to 148
nmole/min/mg protein which is very close to the value
given in Table 6. However, since the actual inhibition
is only twice the standard error, the high-K,, activity
in WS appears to be constant.

Table 7 shows the activity of the two forms of the
phosphodiesterase in WS and WMI 24 hr after treat-
ment with chlorambucil. As before, only the low-K,,
form of the enzyme in WS is inhibited and the percent-
age inhibition is not as high as observed 8 hr after
treatment. This would explain the decreased elevation

Table 6. Cyclic AMP phosphodiesterase activities of sensitive and resistant Walker carcinoma 8 hr after treatment with
chlorambucil

Resistant

cAMP phosphodiesterase activity
Sensitive

High K,, activity
(nmole/mg protein

Low K,, activity
(nmoles/mg protein

High K,, activity
(nmoles/mg protein

Low K,, activity
(nmoles/mg protein

Treatment /min + SEM.) /min + SEM.) /min + SEM.) /min + SEM))
Control 1-55 + 005 025 + 001 1-6 + 005 0-6 + 002
5 pug/ml Chlorambucil 1-54 + 005 023 + 0-01 1-45 + 0-06 0-16 + 0-03*
1 pg/ml Chlorambucil 1-53 + 0-05 022 + 001 1'5 + 005 0-39 + 0-03F
0-5 pg/ml Chlorambucil 1-45 £+ 005 0-25 + 001 1-55 £ 005 0-53 + 0-03%

*P <005 +P <001

P < 0001
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Table 7. Cyclic AMP phosphodiesterase activities of sensitive and resistant Walker carcinoma 24 hr after treatment with
chlorambucil

cAMP phosphodiesterase %, of original

Sensitive Resistant
Treatment Highk,, LowK,, High K,, Low K,,
None 100 100 100 100
5 ug/ml Chlorambucil 100 46 100 100
I ug/ml Chlorambucil 100 76 100 100
05 ug/ml Chlorambucil 100 89 100 100

Table 8. Cyclic AMP phosphodiesterasc activity of sensitive Walker carcinoma after treatment with monofunctional chlor-
ambucil (M.F.C)) for 8 br, and CB 1954 for 24 hr measured at 3-3 M cyclic AMP

cAMP phosphodiesterase
activity
Treatment {nmoles/min/mg protein) % Inhibition

Control 06 + 002 —

250 pg/ml MFC 062 + 0-02 None
100 pg/ml MFC 0-68 + 0-05 None
50 ug/ml MFC 0-58 + 005 None
i pg/ml 1954 0-62 + 0-05 None
04 ug/ml 1954 061 + 005 None
0-05 pg/ml 1954 0-60 + 002 None

of cyclic AMP observed with chlorambucil after 24 hr.
Again neither form of the enzyme is inhibited in WML

Table 8 shows the effect of the two monofunctional
alkylating agents, (N-ethyl-N-2-chloroethylamino)-
phenylbutyric acid and CB 1954, on the activity of the
low-K,, form of the phosphodiesterase 8 hr and 24 hr,
respectively, after treatment. Neither agent showed any
inhibition of the enzyme which would have been
expected on theoretical grounds for a multi-subunit
enzyme [26]. Thus elevation of cyclic AMP by CB
1954 appears to be unrelated to an effect on the break-
down of intracellular cyclic AMP.

DISCUSSION

While the present investigation does not prove that
the growth inhibitory properties of the bifunctional
alkylating agents arise from their ability to elevate in-
tracellular cyclic AMP, there does appear to be a linear
relationship between the reciprocals of the intracellu-
lar cyclic AMP and the percentage growth inhibition
produced by a given dose of chlorambuecil. Also the in-
crease in cyclic AMP produced is specific to the anti-
tumour alkylating agents, for the anti-metabolite
methotrexate and the monofunctional N-ethyl ana-
logue of chlorambucil produce no elevation of cyclic
AMP at doses which cause total inhibition of cell
growth. Most of the agents that cause an elevation of
cyclic AMP, such as isoprenaline or prostaglandin El,
produce a much larger increase [27, 28] (8 to 20-fold)
than that observed with the alkylating agents (2-fold).

In perfused rat liver, however, adrenaline causes only
a 3-fold increase in cyclic AMP in 30 sec and this de-
creases to 2-fold over the next 90 sec. Since adrenaline
stimulates glycogen breakdown in perfused rat liver to
about the same extent as does glucagon, which pro-
duces a 50-fold increase in cyclic AMP levels within 30
sec, it suggests that only a 2-fold increase in tissue cyc-
lic AMP is necessary to activate phosphorylase fully in
the perfused liver. Also the increase in cyclic AMP pro-
duced by the phosphodiesterase inhibitor aminophyl-
line is similar to that produced by chlorambucil at a
dose which produces a comparable degree of growth
inhibition. With the alkylating agents the elevated level
of the cyclic nucleotide is observed over a much longer
period (8-24 hr) and shows a reduced elevation after
24 hr.

Dibutyryl cyclic AMP is known to cause growth in-
hibition and cytolysis in cultured mouse lymphosar-
coma cells if the agent is allowed to remain in contact
with the cells for 48 hr [19]. Although the mechanism
by which cyclic AMP induces the killing of sensitive
lymphoma cells is unknown it may be related to a de-
creased penetration of macromolecular precursors
[29]. A similar effect on uptake of precursors into
nucleic acids has been observed with the alkylating
agents [8].

The selectivity of the alkylating agents for certain
cell types could be explained by an inhibition of the
high affinity form of the cyclic nucleotide phosphodies-
terase, since only this form of the enzyme is inhibited
and only in the sensitive cells. The contribution of this
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form of the enzyme to the total is greater in those cells
sensitive to alkylating agents. A mechanism of resis-
tance has been proposed in the preceding paper and
the possible reasons for the selective inhibition of this
form of the enzyme will also be published [26]. The
possibility of considering cyclic nucleotide phospho-
diesterase as a target for raising intracellular levels of
cyclic AMP specifically in tumour cells is increased by
the suggestion that different molecular forms of the
enzyme exist in different cell types [30]. Additional evi-
dence for a change in cyclic nucleotide phosphodiester-
ase in the resistant tumour is provided by the increased
sensitivity of this cell line to the growth-inhibitory
effects of aminophylline.

Thus in the present investigation a correlation
appears to exist between anti-tumour activity, eleva-
tion of cyclic AMP levels, and inhibition of the form
of the cyclic nucleotide phosphodiesterase with low
K, The only exception appears to be with the mono-
functional alkylating agent CB 1954 which increases
cyclic AMP levels without any apparent effect on the
high affinity phosphodiesterase. There are several
possible explanations for such an effect. If the enzyme
is inhibited by a reversible mechanism such as that
observed with the methyl xanthines, no apparent inhi-
bition would be observed, since the effect would be
diluted out before analysis. Another mechanism by
which cells may regulate their intracellular cyclic AMP
levels is by leakage to the exterior [28]. As the Walker
carcinoma is a fairly rapidly dividing tumour. a low in-
tracellular cyclic AMP level, maintained perhaps by a
leakage mechanism, which is specifically inhibited by
CB 1954, would be advantageous. This would explain
the absolute specificity of this agent towards the
Walker carcinoma.

The elevation of intracellular cyclic AMP produced
in response to the alkylating agents could explain the
suppressing effect that these agents have on antibody
production [31]. The interaction of antigen with
antigen-sensitive cells can lead to antibody synthesis
(induction) or it can render these cells non-inducible
(paralysis). Tt has been suggested that cyclic AMP may
be the intracellular mediator of a paralytic signal [32].
Moreover, the delayed hyperglycaemia observed after
in vivo administration of alkylating agents [33] could
be explained by an elevation of intracellular cyclic
AMP similar to that observed with glucagon; the
delayed effect being the time required to produce suffi-
cient cyclic AMP to stimulate glycogenolysis.
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