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Abstract. The effect of forskolin on freshly isolated human lymphocytes was characterized at 
the level of cyclic AMP-dependent protein kinase. Incubating lymphocytes in vitro with this 
potent adenylate cyclase activator led to time- and dose-dependent activation of protein kinase. 
The amount of activation varied with the conditions of enzyme preparation, suggesting that 
lymphocyte cyclic AMP-dependent protein kinase was artifactually activated unless special pre- 
cautions were taken during its preparation. Under these conditions, forskolin-dependent protein 
kinase activation was greater in lymphocytes isolated from young compared to elderly human 
subjects. These results demonstrate coupling between lymphocyte cyclic AMP production and 
cyclic AMP-dependent protein kinase activation decreases in an age-related manner in man. This 
decrease resembles the loss of lymphocyte adenylate cyclase activity reported previously and 
occurs without other changes in lymphocyte protein kinase that were detectable using these meth- 
ods. The age-related decrease in protein kinase activation is probably accounted for, therefore, 
by the age-related decrease in the cyclic AMP synthesizing capacity of the lymphocyte. o 1987 

Society for Expenmental Biology and Medicine. 

The cyclic AMP synthesizing capacity of the 
circulating lymphocyte, among the most ac- 
cessible human tissues sensitive to hormones 
and neurotransmitters, decreases during aging 
(1-5). Similar decreases may account for the 
refractoriness that develops in the course of 
human aging to a variety of drugs and hor- 
mones which exert their effects through cyclic 
AMP-mediated pathways in tissues less acces- 
sible than the lymphocyte (see Ref. (6) for re- 
view). 

In the lymphocyte, cyclic AMP is associated 
principally with growth and differentiation in 
mammals including man (7, 8). Cyclic AMP 
synthesis is also stimulated, however, by ag- 
onists without growth promoting properties. 
The importance of cyclic AMP regulation in 
these cells by ,8-adrenergic catecholamines and 
series E prostaglandins remains, therefore, 
poorly understood although sensitivity to both 
of these decreases during senesence (9-1 1). 

It is widely acknowledged that cyclic AMP- 
dependent functions are mediated by cyclic 
AMP-dependent protein kinase (PK-A) in 

' These studies were carried out with funds from the 
Veterans Administration and NIH Grant AG4233. 

mammalian cells as initially proposed by Kuo 
and Greengard (12). In fact, varieties of both 
PK-A and phosphoproteins specifically asso- 
ciated with growth and differentiation have 
been described in the human lymphocyte (7, 
13). Since PK-A is activated in response to 
increases in the intracellular concentration of 
cyclic AMP, changes in its activation could 
contribute to age-related differences in lym- 
phocyte immune function as well as deterio- 
ration of the less well-characterized cyclic 
AMP-mediated functions regulated by cate- 
cholamines and prostaglandins. 

In contrast to adenylate cyclase activity 
which decreases during senescence, we found 
no age-related changes in the amount of PK- 
A activity in crude homogenates of circulating 
lymphocytes isolated from human subjects 
(14). We now report the effect that subject age 
has on the activation of lymphocyte PK-A by 
forskolin, a potent activator of adenylate cy- 
clase in these cells ( 15, 16). The results indicate 
the extent to which age-related decreases in 
cyclic AMP-producing capacity might de- 
crease the cyclic AMP responsiveness of some 
metabolic pathways in one human tissue. 

Materials and Methods. Lymphocytes were 
isolated from human subjects who were dis- 
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ease free and who gave their informed written 
consent for these studies to be performed. Ex- 
cept for the possible use of alcohol or tobacco, 
the subjects were unmedicated. The single-step 
centrifugation method using lymphocyte sep- 
aration medium (Bionetics Laboratory Prod- 
ucts, Kensington, MD) was used as described 
previously ( 17). The isolated cells at a density 
of 2 X lo6 cells/ml (determined by hemocy- 
tometer counting) were resuspended in freshly 
prepared Krebs-Ringer bicarbonate buffer 
without albumin containing 0.15 mA4 %so- 
butyl- l -methylxanthine (IBMX). 

In vitro stimulation was carried out by first 
shaking the intact cell suspensions at 37°C 
with continual gassing (95% 0 2 ;  5% C02) for 
30 min. At the end of this pretreatment period, 
forskolin was added to a final concentration 
of 70 pM by adding a concentrated solution 
of the diterpene dissolved in ethanol. An 
equivalent volume of ethanol alone was added 
to control cell suspensions which were other- 
wise handled in an identical manner. Incu- 
bation was continued under the pretreatment 
conditions and after 5 min the cell suspensions 
were rapidly chilled to 4°C. 

The cells were concentrated by centrifuga- 
tion at 3000g for 12 min (at 4°C) and the cell 
pellet was carefully but quickly rinsed and ho- 
mogenized using a Teflon-glass homogenizer 
in ice-cold protein kinase homogenization 
buffer (0.0 1 M Na+-phosphate buffer, pH 6.8; 
0.00 1 M EDTA) at 4°C at a cell density of 25 
X lo6 cells/ml. Glycerol was added to the ho- 
mogenates at a final concentration of 30%. The 
samples were quickly frozen and stored at 
-70°C before preparation of the soluble ac- 
tivity as described below. Freezing the ho- 
mogenate under these conditions preserved 
the properties of the soluble enzyme activity 
when it was prepared for up to 2 weeks com- 
pared to preparations obtained without prior 
freezing. 

In some experiments an aliquot of each 
thawed homogenate was withdrawn for deter- 
mination of total protein kinase activity using 
the assay described below. Of the remaining 
homogenate, 0.5 ml was withdrawn and cen- 
trifuged at 30,OOOg for 15 rnin at 4°C to sep- 
arate the soluble from the particulate subcel- 
lular fractions. Dextran-coated charcoal (40 
mg) in tablet form (DCC; WestChem Prod- 
ucts, San Diego, CA) was routinely added to 

the homogenate and mixed at 4°C prior to 
centrifugation. The soluble supernatant frac- 
tions were withdrawn for immediate deter- 
mination of protein kinase activity as follows. 

Protein kinase activity was determined by 
adding 0.02 ml of the cell homogenate or the 
soluble fraction (the equivalent of 350,000 
cells) to 0.13 ml of the assay buffer which was 
0.2 MNa+-phosphate (pH 6.5), 0.01 MMgC12, 
3.75 X mole ATP, and 0.25-0.30 pCi of 
[T-~~PIATP (New England Nuclear, Boston, 
MA), and 50 pg of histone (Type IIAS, Sigma, 
St. Louis, MO). The assay tubes were incu- 
bated at 37°C for 12 min and the reaction was 
stopped by the addition of 1.5 ml of ice-cold 
10% trichloroacetic acid (TCA). The acid in- 
soluble precipitates were collected by filtration 
onto glass fiber filters and washed four times 
with 2 ml of ice-cold 5% TCA. The filters were 
dried and counted in a scintillation cocktail 
without surfactant. 

Tubes containing the complete reaction 
mixture but without histone were included and 
processed in an identical manner for subse- 
quent correction by subtraction of histone-in- 
dependent radiophosphorylation. Using these 
methods, background phosphorylation in the 
absence of added histone was < 13% of histone 
phosphorylation. Protein kinase activity was 
quantified as the nanomoles of radiophosphate 
transferred to histone per one million cells 
during the course of the assay. 

Results. The protein kinase activity of the 
human lymphocyte soluble fraction employed 
in the studies described here was about 75% 
of the activity of the total cell homogenates 
described previously ( 14). The activity of 19 
separate soluble preparations, determined in 
the presence of 2 pM cyclic AMP and using 
mixed histone as substrate, was 9.1 k 0.9 
nmole/million cells (mean & SEM). There was 
no significant difference (P > 0.05) between 
the sensitivity to inactivation by the heat-stable 
protein kinase inhibitor of the soluble activity 
used in these studies and that in crude cell 
homogenates, although the total activity of the 
soluble fraction was lower than that in the ho- 
mogenates (data not shown). The specific in- 
hibitor reduced the activity of the charcoal- 
extracted enzyme from control or forskolin- 
treated cells 68 k 5% (mean k SEM, n = 8) 
when this was determined under the condi- 
tions that the activity of crude homogenates 
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was reduced by 65 2 3% as reported pre- 
viously (14). 

The regulation of lymphocyte PK-A was 
quantified by changes that occurred in the 
protein kinase activity ratio (PKAR): the his- 
tone kinase activity in the absence of cyclic 
AMP in the assay divided by the activity in 
the presence of cyclic AMP ( 18, 19). Incubat- 
ing intact cells with forskolin increased the 
PKAR from -0.50 to -0.75 within 5 min 
when this was determined using crude lym- 
phocyte homogenates as the enzyme source 
(Fig. 1). While these results indicate that for- 
skolin exposure activates PK-A in lympho- 
cytes as reported previously ( 14), the release 
of cyclic AMP from subcellular compartments 
upon homogenization frequently leads to ar- 
tifactual PK-A activation in some kinds of cells 
(19, 20). 

In these instances, charcoal addition adsorbs 
diffusable cyclic AMP and lowers the PKAR 
(20). Centrifuging the lymphocyte homoge- 
nate in the absence of charcoal addition pro- 
duced a soluble protein kinase preparation 
with a PKAR that was significantly greater (P 
< 0.01) than that of the crude homogenate 
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FIG. 1. The effect of incubation in vitro with forskolin 
on human lymphocyte AMPdependent protein kinase. 
Freshly isolated human lymphocytes were incubated in 
the absence (0) or presence (0) of 70 pM forskolin before 
preparation of the cell homogenate for determination of 
protein kinase activity in the absence (-CAMP) and in 
the presence (+CAMP) of cyclic AMP as described under 
Materials and Methods. The results are the mean k SEM 
or four time courses. *Significantly different (P < 0.05) 
from the value obtained at t = 0 min in the absence of 
forskolin when these were compared by the unpaired t 
test. 

TABLE I. THE EFFECT OF CHARCOAL ADDITION ON 

WNASE ACTIVATION BY FORSKOLIN 
HUMAN LYMPHOCYTE CAMP-DEPENDENT PROTEIN 

PKARb 

Cellular fraction' Control ' +Forskolin' 

Homogenate 0.48 f 0.03 0.76 f 0.02 
Soluble 0.65 f 0.03* 0.82 f 0.05 (ns)d 
Soluble + charcoal 0.35 f 0.03* 0.72 f 0.08 (ns)d 

a Prepared as described under Materials and Methods. 
b(activity - cAMP)/(activity + CAMP), the mean 

f SEM of results obtained with five to seven separate 
preparations. 
' Incubated for 5 min in the absence or presence of for- 

skolin as described under Materials and Methods. 
ns, not significantly different from the homogenate. 

* Significantly different (P < 0.01) from the homogenate 
by the unpaired t test. 

(Table I). In contrast to protein kinase pre- 
pared centrifugally from homogenates without 
the addition of charcoal, the PKAR of the sol- 
uble activity was significantly less (P < 0.01) 
than that of the homogenate if charcoal was 
added before centrifugation (Table 11). We in- 
vestigated the effect that charcoal addition had 
on the concentration of free cyclic AMP avail- 
able to activate lymphocyte PK-A in separate 
experiments using the soluble fraction pre- 
pared without prior charcoal extraction. In- 
creasing concentrations of cyclic AMP were 
added to activate PK-A in the presence of dif- 
ferent amounts of charcoal and the aliquots 
were recentrifuged to remove the charcoal and 
charcoal-bound cyclic AMP. Charcoal treat- 
ment reduced the concentration of exoge- 
nously added cyclic AMP -35-fold as re- 
flected by the magnitude of the rightward shift 
in the cyclic AMP dose-response curve of 
lymphocyte PK-A (Fig. 2). 

Although charcoal addition lowered the 
PKAR of cells incubated in the absence of for- 
skolin (the basal PKAR), it did not have a sig- 
nificant effect (P > 0.05) on the PKAR of cells 
treated with forskolin (Table I). Forskolin 
treatment was associated with an increase in 
the amount of cyclic AMP-independent activ- 
ity (determined in the absence of cyclic AMP 
in the protein kinase assay) and a small de- 
crease in total protein kinase activity (deter- 
mined by including cyclic AMP in the assay) 
which was consistant but not significant (P 
> 0.05, Table 11). 
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TABLE 11. THE EFFECT OF FORSKOLIN TREATMENT ON LYMPHOCYTE PROTEIN KINASE 

Protein kinase activity" 
(nmole/million cells) 

Forskolin stimulation 
Incubation conditions -Cyclic AMP +Cyclic AMP (-fold) 

Control 
+Forskolin 

3.3 f 0.7 
5.1 f 0.4* 

9.7 ~t_ 0.9 
9.1 -t 0.9 (ns)c 

- 
1.9 k 0.2 

~ ~ ~~~ ~ 

" Mean f SEM of seven experiments. 
i.e., (PKAR of treated cells/PKAR of untreated cells). 
ns, not significantly different (P > 0.05) from the activity of the control cells when this was compared by the t test 

* Significantly different (P < 0.01) than the activity of the control cells when this was compaired by the t test for 
for paired samples. 

paired samples. 

When determined under these conditions, 
incubation with forskolin resulted in a dose- 
dependent increase in the PKAR that char- 
acterized activation of PK-A in the charcoal- 
extracted soluble fraction of the lymphocytes. 
Using this method, maximum activation oc- 
curred when lymphocytes were exposed to 
forskolin concentrations > 25 pM(Fig. 3). Age 
had a marked effect on the extent to which 
exposure to forskolin increased the PKAR, 
which was significantly lower (P < 0.025) in 
forskolin-treated cells from older compared to 

younger subjects (Fig. 4). In contrast to the 
effect subject age had on the PKAR of cells 
exposed to forskolin, there was no significant 
(P > 0.05) difference in the PKAR of cells from 
young compared to elderly subjects when 
lymphocytes were incubated under the same 
conditions but in the absence of the diterpene. 

Discussion. Forskolin treatment activated 
PK-A in freshly isolated human lymphocytes 
incubated with the diterpene in vitru. Forsko- 
lin has been shown previously to be a potent 
activator of adenylate cyclase in these human 
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FIG. 2. Activation of lymphocyte protein kinase by cyclic AMP in the absence or presence of charcoal. 
Soluble protein kinase was prepared by centrifugation of homogenate to which charcoal had first been added 
as described under Materials and Methods. The amount of charcoal indicated was added to 0.5-ml aliquots 
of the supernatant fraction which contained the soluble enzyme activity. Cyclic AMP was added to the final 
concentrations indicated and the mixtures were clarified by recentrifugation. The supernatant was assayed 
for protein kinase activity in the absence (-CAMP) and in the presence (+CAMP) of cyclic AMP as described. 
The results are the average of those obtained in two experiments. 
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FIG. 3. Forskolin dose-dependent activation of lym- 
phocyte cyclic AMP-dependent protein kinase. The cells 
were incubated with the indicated concentrations of for- 
skolin before determination of the PKAR of the charcoal 
extracted soluble fraction as described under Materials and 
Methods. The values are the mean k SEM of results ob- 
tained with three to seven different preparations. *Signif- 
icantly different (P < 0.025) from the control values, in- 
cubated under the same conditions but in the absence of 
forskolin when the values were compared by the unpaired 
t test. 

cells as it is in mammalian cells in general (1 5, 
16). Activation was reflected by an increase in 
the lymphocyte PKAR, and the magnitude of 
the increase was the greatest when it was de- 
termined using protein kinase which had been 
extracted with charcoal. Charcoal addition had 
its biggest effect on the basal PKAR, where its 
use resulted in lower values than those of the 
crude homogenates, which were in turn lower 
than those of the soluble fraction which had 
not been exposed to charcoal. 

Centrifugation of the homogenate was 
probably associated with partial PIS-A acti- 
vation unless endogenous cyclic AMP was first 
removed by charcoal adsorption. This inter- 
pretation might explain why the PKAR of sol- 
uble PK-A was significantly greater than that 
of the homogenate unless the centrifugation 
step was preceeded by charcoal addition, 
which lowered cyclic AMP levels. Nonspecific 
cyclic AMP adsorption by the subcellular par- 
ticulate fraction might account, then, for the 
lower PKAR of the crude homogenate com- 
pared to soluble PK-A prepared without the 
addition of charcoal. The principal contribu- 
tion of charcoal addition, therefore, was to in- 

crease the magnitude of forskolin activation 
by lowering the basal PKAR. 

Similar artifactual activation of PIS-A in the 
course of its preparation might account for the 
general absence of cyclic AMP responsiveness 
attributed to human lymphocyte protein ki- 
nase (7, 21-23). Since increased activation of 
PK-A by forskolin was probably accounted for 
by increased cyclic AMP production in our 
studies, artifactual activation of PIS-A during 
its preparation may also account for reports 
of agonist-dependent increases in cyclic AMP 
production that occurred in the absence of 
changes in protein phosphorylation in the hu- 
man lymphocyte (8). 

Aging has been associated with a number 
of changes in protein kinase activity and many 
of these changes are tissue as well as species 
specific (24-26). Age-related decreases of PK- 
A in its unactivated (holoenzyme) state have 
been reported to occur in heart, liver, and 
Leydig cells by some (27-29) but not all (30, 
3 1) investigators. Some of these discrepancies 
can be accounted for by PK-A changes that 
are associated with maturation rather than ag- 
ing, or to changes in the distribution of PK-A 
between soluble and particulate subcellular 
fractions (28, 32). 
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FIG. 4. Effect of subject age on forskolin-dependent ac- 
tivation of lymphocyte cyclic AMP-dependent protein ki- 
nase. The PKAR of the charcoal-extracted soluble fraction 
of lymphocytes from 25 subjects in the indicated age group 
was determined following incubation in the absence (0) 
or presence (0) of forskolin as described under Materials 
and Methods. The values of the correlation coefficients (r)  
of the lines, drawn using a least squares program, are given. 
*r value significantly different (P < 0.0 I )  from zero. 
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In our experiments, forskolin exposure was 
associated with a small but consistent decrease 
in the total activity of the soluble histone ki- 
nase when this was determined by including 
cyclic AMP in the enzyme assay. This suggests 
free and activated catalytic subunits of PK-A 
may be lost to a limited extent from the soluble 
to the particulate fraction upon homogeni- 
zation of lymphocytes exposed to forskolin. 
We determined previously, however, that there 
was no age-related change in PK-A activity 
when this was determined using crude lym- 
phocyte homogenates which would have con- 
tained PK-A subunits in the particulate as well 
as the soluble subcellular compartments (14). 

Human lymphocyte adenylate cyclase ac- 
tivity, including forskolin-dependent activity, 
decreases during senescence ( 1,2, 16,33). The 
age-related decrease in PK-A activation we 
observed was probably accounted for, there- 
fore, by the deminished cyclic AMP-producing 
capacity of the lymphocytes from elderly sub- 
jects and not by changes in the type or sub- 
cellular distribution of protein kinase. Dete- 
rioration of the sensitivity of cyclic AMP-de- 
pendent pathways that occur in the absence 
of concomitant changes in PK-A during se- 
nescence are not confined to the human lym- 
phocyte (26, 30, 31). Although these may be 
due to changes in cyclic AMP-sensitive path- 
ways that occur after the PK-A activation step 
in some cases (26, 31), age-related decreases 
proximal to this step may best explain the de- 
creases that are encountered in the human 
lymphocyte. 
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