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Rise and Fall of Cyclic AMP Required
for Onset of Lymphocyte DNA Synthesis

Abstract. The adenosine 3',5'-monophosphate (cyclic AMP) levels of mouse lym-
phocytes rose and fell sharply 10 hours after stimulation with concanavalin A. Treat-
ment of the cells with indomethacin reversibly prevented the increase in cyclic AMP
and the subsequent onset of DNA synthesis. When the heightened cyclic AMP before
S phase was maintained by either inhibiting phosphodiesterase or by adding the 8-
bromo derivative of cyclic AMP, DNA synthesis was also blocked. Both the increase
and decrease in cyclic AMP appear to be required for progression of lymphocytes

into the S phase of growth.

Numerous studies have attempted to
define the relation between adenosine
3’,5'-monophosphate (cyclic AMP) me-
tabolism and cellular proliferation. Re-
sults from several experimental systems
have led to the widely held concept that
cyclic AMP acts primarily as a negative
regulator of cell division (I, 2). Cyclic
AMP analogs or agents that elevate in-
tracellular cyclic AMP inhibit the multi-
plication of a variety of cultured cells (3).
Direct measurement of intracellular cy-
clic AMP has also shown that prolifer-
ating, growth-regulated fibroblasts have
low amounts of cyclic AMP that increase
as the cells establish contact and cease
dividing @). Finally, transformed cells,
exhibiting unregulated growth, have rel-
atively low concentrations of cyclic
AMP that are independent of cell density
“, 5). Because of these studies, little at-
tention has been paid to evidence that in-
dicates cyclic AMP plays a positive role
in cellular proliferation (6).

An increase in cyclic AMP before the
S phase of growth in certain cell types
has indicated a positive role for cyclic
AMP in cell proliferation and led to the
idea that a brief rise in cyclic AMP is part
of the series of events leading to DNA
synthesis (7). Investigation of the rela-
tion between the cyclic AMP increase
and DNA synthesis has been confined to
regenerating liver cells, and the results
have not been consistent; preventing the
rise in cyclic AMP before S phase did not
always inhibit DNA synthesis (8, 9) and,
in one study, the drug indomethacin pre-
vented S phase, but did not block the in-
crease in cyclic AMP (10). Additional
supportive evidence has come from cell
cycle analyses. In several systems in-
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cluding regenerating liver cells in vivo,
elevated cyclic AMP in the G, phase of
growth preceded low levels found in S
phase, again suggesting a positive role
for the cyclic nucleotide in cell prolifera-
tion (11, 12).

Mouse spleen lymphocytes remain
quiescent (G, phase) until triggered by a
mitogen such as concanavalin A (con A)

2.4
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T T T T T

Cyclic AMP level

(pmole/108 viable cells)

tion [(103cpm/hour)
per 108 viable cells]

tion [(103 cpm/hour)
per 108 viable cells]
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Culture time (hours)

Fig. 1. Change in (A) intracellular cyclic AMP
(O, ®) and (B) rates of [*H]Juridine (A, A) and
(C) *H]thymidine incorporation (OO, M) dur-
ing proliferative response of con A-stimulated
lymphocytes (I13). Open symbols represent
unstimulated control cultures and closed sym-
bols represent con A-stimulated cultures.
Each time point signifies the means (+ stan-
dard error of the mean) from four experi-
ments.

to enter a proliferative cycle. We now re-
port systematic measurements of cyclic
AMP in such mitogen-stimulated lym-
phocytes and have investigated the sig-
nificance of any observed changes. Our
results indicate that cyclic AMP has a
complex role in lymphocyte prolifera-
tion; we found that a sharp rise and fall in
cyclic AMP preceded DNA synthesis,
and we provide evidence that both the
increase and decrease are required for
the progression of these cells into S
phase.

Intracellular cyclic AMP levels were
determined at various intervals after con
A stimulation (I3, 14) (Fig. 1). Similar re-
sults were obtained whether the cyclic
AMP levels were calculated as a function
of cell number (Fig. 1) or cell protein
content (data not shown). Within the
first 30 minutes after addition of mitogen,
intracellular cyclic AMP increased by a
factor of 1.5 compared to control cells.
This rise was transient; the concentra-
tion returned to the control value within
1 hour and remained constant until 10
hours after the addition of con A; at that
time, cyclic AMP again increased and
continued to rise until approximately 30
hours after stimulation, when a sixfold
increase over control was reached.
Thereafter, the concentration of cyclic
AMP fell rapidly and returned to near
baseline by 50 hours. The cyclic AMP in-
crease at 10 hours preceded the begin-
ning of S phase, and its decline occurred
before the onset of DNA synthesis; how-
ever, the cells were not well synchro-
nized, causing some overlap between the
two curves. Thus, both a rise and fall in
cyclic AMP seemed to occur before the
onset of S phase. The cyclic AMP con-
centration did not change in any obvious
way later in the proliferative cycle, but
synchrony was lost by 60 hours and later
changes may have been masked.

In view of the complexity of RNA
metabolism, only a very general com-
parison can be made between uridine in-
corporation and cellular cyclic AMP lev-
els (Fig. 1). RNA synthesis began to
increase between 2 and 4 hours after ex-
posure to con A and increased over a
long time period. This increase occurred
before the major rise in the cellular cy-
clic AMP. Thus, the major cyclic AMP
peak did not seem to be related to
changes in RNA metabolism; in sub-
sequent experiments, manipulation of
the cyclic AMP level did not affect the
rate of uridine incorporation into RNA.

Although intracellular cyclic AMP lev-
els reflect the balance between its syn-
thesis, degradation, and export, it is
likely that the increase we observed was
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Table 1. The effect of the 8-bromo analog of cyclic AMP (0.5 mM) on DNA synthesis and cell
cycle phase distribution in lymphocytes stimulated by con A for 48 hours (20, 21).

Time of
8-bromo cyclic AMP

[*H]Thymidine incorpo-
ration (cpm/hour)

Percentage of cells in

addition (hours) per 108 viable cells G, S G, + M
* 56,518 43 35 22
2 4,838 92 5 3
20 10,625 81 11 8
30 31,250 60 25 15
40 54,060 45 32 23

*No analog added.

Table 2. The effect of Ro-20/1724 on intracellular cyclic AMP levels and cell cycle phase distri-
bution in con A-stimulated lymphocytes (14, 21).

Hours R0-20/1724 Cyclic AMP Percentage of cells in

after (uM) (pmoles per

con A K 108 viable cells) G, S G, + M
30 0 1.1 76 15 9
60 0 0.5 46 41 13
60 2 1.5 76 11 13
60 5 2.4 70 18 12

caused primarily by synthesis. We at-
tempted to block the presumed increase
in adenylate cyclase activity with indo-
methacin, an inhibitor of prostaglandin
synthesis (/5). This approach was based
on observations that prostaglandins are
potent stimulators of adenylate cyclase
and that they elevate cyclic AMP in lym-
phocytes (16, 17); in addition, an in-
crease in immunologically positive pros-
taglandin-like material has been reported
in mitogen-stimulated lymphocytes (I8).
When indomethacin (0.2 mM) was added
2 hours after con A stimulation, it
blocked both the cyclic AMP increase
and DNA synthesis (Fig. 2); no effect on
RNA synthesis was apparent (data not
shown).

After removal of indomethacin, the
concentration of cyclic AMP rose, be-
coming similar to that of the untreated
cells (Fig. 2). About 10 hours after the
beginning of this cyclic AMP increase,
thymidine incorporation began; this in-
terval was the same as that for cells not
exposed to indomethacin, indicating that
an elevated intracellular cyclic AMP
concentration is required for progression
to S phase. This result supports a posi-
tive role for cyclic AMP in lymphocyte
proliferation and implicates the partici-
pation of prostaglandins in these events.
Moreover, because both the rise in cy-
clic AMP levels and later thymidine in-
corporation took place after removal of
the indomethacin and without readdition
of mitogen, it appears these cells were
committed to DNA synthesis.

To determine whether a fall in intra-
cellular cyclic AMP has to precede S
phase, we artificially elevated cyclic
AMP in con A-stimulated lymphocytes
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and studied the consequences of this ele-
vation on DNA synthesis. In these ex-
periments, we employed either the non-
metabolized 8-bromo analog of cyclic
AMP, or an inhibitor of cyclic AMP
phosphodiesterase, Ro-20/1724 (19). The
addition of the 8-bromo analog (0.5 mM)
before the onset of DNA synthesis ef-
fectively blocked the progression of

Cyclic AMP level
(pmole/lO6 viable cells)

30 |

ration [(103 cpm /hour)
per 108 viable cells]

[aH]Thymldine incorpo-

>
-Q
(e
o

0 30 60 30
Culture time (hours)

Fig. 2. The effect of addition and removal of
indomethacin on (A) cyclic AMP and (B)
[FH]thymidine incorporation in con A-stimu-
lated lymphocytes. Indomethacin (0.2 mM)
was added 2 hours after mitogen to parallel
cultures of con A-stimulated lymphocytes.
Indomethacin was removed at 30 hours from
one group of cultures (A) by washing twice
with RPMI 1640 medium and resuspending
the cells in complete medium. The other
group (A) was handled similarly, except that
indomethacin (0.2 mM) was again added after
washing. The changes in these parameters
were compared with con A-stimulated cells
not inhibited by indomethacin (@) and in un-
stimulated lymphocytes (O).

stimulated lymphocytes into S phase,
measured by [*H]thymidine incorpora-
tion (20) or flow microfluorometry (27)
(Table 1), but did not affect incorpora-
tion of uridine (data not shown). If the
analog was added later than 20 hours af-
ter stimulation, less inhibition of DNA
synthesis was observed. At 40 hours af-
ter con A stimulation, a time when DNA
synthesis was in progress, the 8-bromo
analog of cyclic AMP caused no inhibi-
tion. These observations suggest that
once lymphocytes are in S phase they
are no longer susceptible to the effects of
the analog. Similar results were obtained
with Ro-20/1724, which led to increased
cyclic AMP levels and blocked the flow
of cells from G, to S phase (Table 2).
From these data we concluded that the
intracellular cyclic AMP must fall before
S phase begins.

Our results suggest that a complex
relationship exists between cyclic AMP
levels and DNA synthesis. A prompt but
transient biphasic change in cyclic AMP
in lymphocytes after mitogen stimulation
has been reported (22). We also found a
slight change that occurred within the
first 30 minutes after con A addition (Fig.
1). It has been proposed that cyclic AMP
serves as a mitogenic signal in lympho-
cyte proliferation (23); however, at-
tempts to trigger resting lymphocytes to
enter proliferation by experimentally in-
creasing the cyclic AMP have generally
been unsuccessful. Furthermore, lym-
phocyte proliferation induced by ex-
posure to mitogens can be effectively re-
versed between 8 and 10 hours later by
agents presumably acting at the cell sur-
face on the mitogen receptor. Con-
canavalin A stimulation can be blocked
by the haptenic competitor a-methyl-
mannoside and other mitogens such as
periodate or neuraminidase, plus galac-
tose oxidase treatments are reversed by
cysteine or sodium borohydride (24).
Consequently, the significance of the
early changes in cyclic AMP is unclear at
the present time.

We have shown, however, that a later,
major rise and fall in cyclic AMP is nec-
essary for the onset of S phase in lym-
phocytes. The cyclic AMP level began to
rise 10 hours after con A addition, at
which time the cells were in a later por-
tion of G, phase and apparently com-
mitted to DN A synthesis. Our study also
shows that a subsequent fall in cyclic
AMP must occur for the lymphocytes to
leave G, phase and begin DNA synthesis.
These results are consistent with the
concept that cyclic AMP acts as a modu-
lator of more than one event during the
cell cycle and that both the increase and
decrease participate in the progression
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(7). Tt is possible that a similar sequence
of events operates in cells other than
lymphocytes.
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Microcirculation of the Spleen: An Open or Closed Circulation?

Abstract. By injecting plastic microspheres of a specific size (3 to 4 micrometers)
into the circulation and following their movement and distribution in the spleen, it
was revealed how blood travels from the arterial capillaries to the venous sinuses.
This method demonstrated that both open and closed circulation exist in the spleen
and that about 90 percent of the blood takes the open route of circulation in the

normal unanesthetized rabbit.

Although the microcirculation of the
spleen is central to its function as a blood
filter, the intermediary vascular con-
nection between the arterial capillary
and the venous sinus has remained a sub-
ject of debate for the last 100 years.
Three major theories about intermediary
splenic circulation exist: (i) The open cir-
culation theory states that the arterial
capillaries open directly into the cordal
meshwork of the red pulp and the blood
is then forced into the venous sinuses
(Z); (i) the closed circulation theory
states that the arterial capillaries connect
directly to the venous sinuses (2); (iii) the
third theory holds that both open and
closed circulation exist in the spleen (3).
These differences in interpreting the na-
ture of splenic circulation suggest that
the methods for previous studies may
have been inadequate, since both mor-
phological observation of fixed spleen

and direct observation of the living
spleen produce conflicting results and
are unable to settle the question. In addi-
tion, the ambient temperature of the ex-
teriorized spleen, anesthesia, and manip-
ulation of the spleen during experimenta-
tion affect the organ’s microcirculation
“). We now describe a new method for
studying the splenic circulation. This
method demonstrates that both open and
closed circulation exist in the spleen, and
that about 90 percent of the blood takes
the open route in normal unanesthetized
rabbits. This method does not require di-
rect observation of the vascular connec-
tion between the arterial capillary and the
venous sinus and avoids invasive ma-
nipulation of the spleen and anesthesia.
Blood cells in the spleen pass through
the reticular meshwork of the cords and
pores (the interendothelial spaces) of the
sinus wall. These pores measure be-
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