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The lymphocyte, the fundamental cell of 
immune function in man, has recently be- 
come the subject of massive investigation. 
Much is currently known about its morpholo- 
gy, production, turnover, and responsiveness; 
however, the question “How does the lym- 
phocyte work?’7 has not been adequately an- 
swered. The phenomenon of lymphocyte 
transformation, triggered by surface interac- 
tion with antigens and certain “mitogens” is 
readily observed in tissue culture and corre- 
lates well with cellular immunity in vivo; 
however, the control mechanisms remain for 
further clarification. 

With continuing interest in the effects of 
added RNA, polynucleotides, and nucleic ac- 
ids, and considering the development of the 
“second messenger” concept, studies were ini- 
tiated to consider the role of cyclic adenosine 
monophosphate (C-AMP) in lymphocyte 
transformation (1-3).  Previously several in- 
vestigations have shown effects by this high 
energy compound on mitotic division in 
several cell lines in vitro. Studies, therefore, 
were performed utilizing the addition of cy- 
clic-AMP, 5’-GMP (GMP) , and related 
compounds to normal human lymphocytes in 
tissue culture. 

Materials and Methods. The method of 
lymphocyte cultures is based on that report- 
ed by Hirschhorn et al. and later by Johnson, 
Pratt and Rigby (1) from this laboratory. 
Heparinized human blood was withdrawn and 

supplemented with 20% fetal calf serum, pen- 
icillin, streptomycin and L-glutamine. Cul- 
tured lymphocytes were approximately 90- 
95% pure. Cultures were incubated at  37’ 
in 5% COZ and air. 

The endpoint of lymphocyte culture was 
evaluated by the uptake of tritiated thymi- 
dine and monitored by morphologic examina- 
tion. Cell cultures were done in triplicate; 
cell counts in duplicate. The radioactive 
counting technique was modeled on that of 
Makman, Dvorkin, and White (6) utilizing 
2-3 mCi of tritiated thymidine added to the 
tissue culture tube 68 hr after onset. Cells 
were harvested 2 4  hr later, and after cell 
washing, the DNA was precipitated with cold 
5% trichloracetic acid, and the material col- 
lected on a 0.45 p Millipore filter. Filters 
were dried and dissolved in Brays scintillant 
and counted on a Unilux Model I1 scintilla- 
tion counter. The data is expressed as a per- 
centage of the corresponding control. Statis- 
tics were computed using the Student’s t test. 

Results. Basic work seen in Table I, with 
otherwise unstimulated normal human lym- 
phocytes shows that high concentrations of 
C-AMP are inhibitory to the tritiated thy- 
midine uptake, while C-AMP in concentra- 
tions ranging from to appeared to 
be stimulatory with peak action at  lo-’ M .  
The results at and M are signifi- 
cant compared to the control; the others are 

allowed to sediment a t  37’ in screw cap not* 
glass tubes for 1-3 hr. Supernatant plasma On the other hand, incubation of similar 
was removed, and 1-2 million cells in 0 .2  ml cells with 5’-AMP (AMP) in a dose range of 
plasma were pipetted into tissue culture tubes to low8 M shows no significant effect 
containing 2 ml of MEM Spinner media, upon tritiated thymidine uptake. 

1Presented in part at the Central Sot. Clin. Res. However, GMP under similar conditions 
Meet., Chicago, TL, Nov, 1971. Supported by Damon shows a stimulatory result which is statisti- 
Runyon Grant No. 1112. cally significant a t  M concentration, 
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TABLE I. The Upt,ake of Tritiated Thymidine (%) i n  Normal Human Lymphocytes Incubated 
with Related Nucleotides.” 

~ ~ 

Concn (N) 

Control 10-2 10-4 1 0 4  1 0 4  10-8 

127 C-AMP 100 53b (9) 132 106 
AMP 100 93 128 80 
GMP 100 139 101 179” (9) 
CMP 100 86 108 157 

a Number of trials given in  parentheses. 

154b (15) 

Denotes statistical significance. 

but no significant change at  other concentra- 
tions tested. 

Preliminary studies with CMP show little 
effect, except a t  a concentration of M 
where in one experiment we observed a value 
of 157% of control. This is, however, not 
significant a t  this time. 

Table I1 shows results of incubating lym- 
phocytes from 3 patients with the antigen 
PPD alone and together with C-AMP at 

M concentration. I t  may be seen that 
tritiated thymidine uptake was consistently 
increased in each case when C-AMP was sup- 
plied to the PPD-stimulated cells. 

Discussion. As noted in Table I and re- 
ported previously, cells incubated in media 
containing C-AMP in high concentrations (in 
the range of M )  show suppressed triti- 
ated thymidine uptake ( 2 ) .  This same 
phenomenon has been reported by Heidrick 
and Ryan (7) in several cell lines. Heidrick 
and Ryan have also observed higher concen- 
trations of C-AMP in strain L cells that have 
reached confluency, and offered this as a 
possible explanation for the phenomenon of 
“contact inhibition.’’ The mechanisms in- 

volved in these inhibitory actions are yet to 
be elucidated. 

As has been reported previously from this 
laboratory and by several authors, the addi- 
tion of small amounts of C-AMP (in the 
range of to loAs M )  to normal lympho- 
cytes in tissue culture results in apparent 
stimulation with an increase in tritiated thy- 
midine uptake ( 2 ,  3 ). This has been observed 
by Whitfield et aE. (14) in rat thymocytes 
and by Smith et al. ( lo) ,  Hirschhorn, Gross- 
man and Weissmann (1 1) and others, (8, 9) 
in human lymphocytes. Smith et al. (10) 
observing an early rise of C-AMP concentra- 
tions in PHA-stimulated cells, has proposed 
that it is ultimately responsible for the PHA 
response. Prior work from this laboratory has 
shown that imidazole and caffeine, presuma- 
bly acting on the enzyme phosphodiesterase 
in C-AMP catabolism, increase the tritiated 
thymidine uptake in human lymphocytes 
with added PHA ( 3 ) .  Furthermore, a longer 
life span was observed in tumor immunized 
mice receiving C-AMP injections after chal- 
lenge with the same live tumor ( 12). 

The involvement of C-AMP in lymphocyte 

TABLE 11. The Uptake of Tritiated Thymidine (%) by Lymphocytes from Three Patients, 
Incubated with PPD and C-AMP. 

Patients 
C-AMP P P D +  

Control PPD 10- M C-AMP 10-7 M 

M.G. (Schmidt’s syndrome) 100 66 75 200 
R.W.b (pulmonary interstitial fibrosis- 100 3700 117 4400 

P.R.b (normal control) 100 190 106 215 
possible TB) 

’ Positivc response t o  PPD skin test. 
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transformation is further implicated by its 
augmentation of the PPD response shown in 
Table 11. We have reported previously that 
caffeine has a similar effect when incubated 
with PPD-stimulated cells (3  ) . 

In relationship to the kinetics of cyclic- 
AMP within the cell, the events a t  the cell 
surface of the lymphocyte have been re- 
peatedly implicated. The attachment of mi- 
togens such as PHA, antigens such as PPD, 
or hormones such as isoproterenol have been 
implicated in the stimulation of membrane 
bound adenyl cyclase, as happens in hormone 
stimulated cells in other systems (13, 14). 
The activation of adenyl cyclase increases the 
formation of cyclic-AMP from ATP, in an 
immediate but probably transitory reaction. 
The cyclic-AMP formed may be degraded by 
the enzyme phosphodiesterase to 5’-AMP to 
enter other metabolic pathways within the 
cell. I t  has been shown by several authors (9, 
15) that cyclic-AMP, a high energy com- 
pound, has an influence on several metabolic 
systems within the cell, presumably changing 
the molecular structure and phosphorelating 
certain enzymes. This may result in chang- 
ing events such as glycogenolysis, histone re- 
lease from DNA, or an alteration of the mi- 
crotubular system as three possibilities. 
Whether cyclic-AMP has any direct influence 
on DNA or RNA is not at this time known. 
There is, of course, the possibility that other 
intermediates are involved in the control of 
metabolic events related to mitosis. 

In  regards to the effect of other nucleotides 
upon lymphocyte transformation, our data 
a t  this time indicated that AMP and CMP 
probably play no significant role. On the oth- 
er hand, 5’-GMP did produce a significant 
response in the tritiated thymidine uptake. 
This laboratory has previously reported that 
GMP in higher concentrations is inhibitory 
to tritiated thymidine uptake ( 2 ) .  

What is the mechanism of this GMP- 
stimulation? There are a t  least three possibil- 
ities: i t  may have an action independent of 
C-AMP that is yet undiscovered; it may stim- 
ulate adenyl cyclase raising intracellular C- 
AMP concentrations; or i t  may inhibit the 
action of phosphodiesterase, again raising C- 
AMP concentration. 

Whitfield et al. (14),  working with rat 
thymocytes have recently reported increased 
mitotic activity in the presence of C-GMP in 
the concentration range of 1 x to 5 X 

M .  They noted an immediate rise in 
in tracellular C-AMP levels secondary to inhi- 
bition of the enzyme phosphodiesterase. This 
mechanism may also be responsible for 
5’-GMP activity although they were unable 
to detect a mitotic increase with the 5’-nucle- 
otide. 

How do these findings relate to the full 
picture of lymphocyte transformation? Is C- 
AMP indeed the “second messenger” in 
transformation, or are there other messen- 
gers? Is it the peak concentration, the turno- 
ver, or timing that is most impo.rtant? These 
questions will be the impetus for further in- 
vest iga tions . 

Summary. C-AMP is low concentrations 
to lo-* M )  increases, and C-AMP in 

high concentrations ( M )  suppresses tri- 
tiated thymidine uptake of normal lympho- 
cytes in tissue culture. GMP (lo-* M )  in- 
creases but AMP and CMP do not signifi- 
cantly affect the tritiated thymidine uptake 
of normal human lymphocytes in tissue cul- 
ture. C-AMP ( l W 7  M )  increases the triti- 
ated thymidine uptake of PPD-stimulated 
human lymphocytes in tissue culture. 
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