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Summary blasts were less responsive to isoproterenol stimulation than fibro- 

The experiments reported here illustrate a few of the factors 
apart from genes which can influence hormone-responsive gener- 
ation of cyclic adenosine 3':s'-monophosphate in human fibro- 
blasts. For both normal and cystic fibrosis fibroblasts, the isopro- 
terenol stimulation ratio was maximal 2 to 3 days after subculture 
and declined thereafter; prostaglandin El stimulation ratio was 
maximal 7 to 10 days after subculture. Cells dislodged from the 
plate by either scraping or trypsinization had reduced isoproterenol 
or prostaglandin El stimulation ratios compared to cells studied in 
situ. Fibroblasts from healthy controls and cystic fibrosis patients 
plated simultaneously and grown in three different culture condi- 
tions responded similarly to the change in growth conditions. 
Addition to the incubation medium of polyamines, calcium, mag- 
nesium, or guanosine triphosphate did not alter the stimulation 
ratios for isoproterenol or prostaglandin El. Repeated measures 
analysis indicates that cellular content of cyclic adenosine 3':s'- 
monophosphate is not a reliable measure for comparing cell lines; 
isoproterenol stimulation ratio is a reliable measure, but there is 
large variation from cell line to cell line. Isoproterenol stimulation 
ratio was the same for normal and cystic fibrosis fibroblasts in 
each of the three culture conditions tested at both three and ten 
days after subculture. 

Speculation 

Because of the unexplained day-to-day variability in cellular 
cyclic adenosine 3':s'-monophosphate content, the multiple exog- 
enous influences on hormone-responsive cyclic adenosine 3':s'- 
monophosphate, and the potential limitations of studying fibro- 
blasts only on their support so as not to perturb the membrane- 
associated receptor adenylate cyclase system, the cultured skin 
fibroblast may not be the optimal system for population studies of 
adrenergic-responsive adenylate cyclase in human disease. 

The cultured skin fibroblast is an appealing model system for 
the study of genetic disease in man. Cultured fibroblasts are 
endowed with the abnormal genetic material yet are remote from 
the influences of drugs and illness to which the patient is subject, 
and the biochemical milieu of the fibroblast can be manipulated 
to a far greater extent than the intact human organism. Fibroblasts 
possess an adrenergic-responsive adenylate cyclase (EC 4.6.1.1) 
system (16,20), and the direction of the adenylate cyclase response 
to isoproterenol in skin fibroblasts from normal and cystic fibrosis 
(CF) donors has been controversial in the literature. Buchwald (4) 
first reported that CF  fibroblasts produced more cyclic adenosine 
3'5'-monophosphate (CAMP) in response to isoproterenol than 
normal fibroblasts. Subsequently, in a larger series of cell lines of 
lower passage number, this result could not be confirmed (5). 
Using different culture conditions, we found that the CF fibro- 

blast limes established from normal individuals (8). 
Fibroblasts from patients with CF have been'especially resistant 

to reproducible demonstration of any type of abnormality. Al- 
though this may be because the abnormal gene is not expressed in 
the fibroblast, it may also be because of variations in culture and 
experimental conditions (9, 24). Technical factors can complicate 
the usefulness of the fibroblast as a model system. In this paper, 
we report the effects of different culture conditions, time in culture, 
composition of incubation medium, methods of processing cells, 
and methods of data analysis on the cAMP response to isoproter- 
en01 in fibroblasts grown from biopsies of normal and CF skin. 

MATERIALS AND METHODS 

MATERIALS 

Isoproterenol, polyamines, GTP and theophylline were pur- 
chased from Sigma Chemical, St. Louis, MO. Prostaglandin El 
(PGE,) was a gift of Dr. John Pike, The Upjohn Co., Kalamazoo, 
MI. Trypsin (0.25%) was purchased from Grand Island Biological 
Co., Grand Island, NY. Dulbecco's phosphate-buffered saline 
without calcium or magnesium (PBS) (10) and a medium (22) 
were obtained from the NIH media unit. Eagle's minimal essential 
medium with Earles' salts (1 I) (MEM-E), fetal bovine serum, 
neomycin sulfate, glutamine, and nonessential amino acids 
(NEAA) (I I) were purchased from Associated Biomedic Systems, 
Inc., Bethesda, MD. 

Growth medium (GM) contained MEM-E, glutamine (292 mg/ 
liter, NEAA, neomycin (50 pg/ml), and fetal bovine serum (10%). 

CELL CULTURE 

Human use committees approved procedures for obtaining skin 
biopsies, and all donors granted informed consent. Healthy per- 
sons without family history of pulmonary or gastrointestinal dis- 
ease, ages 18 to 23, and patients with CF, ages 16 to 23, underwent 
3- to 4-mm punch biopsies of the skin of the forearm or hip. 
Biopsies were minced finely with scissors, incubated at 37°C in 
GM in bottles flushed with C 0 2  and sealed, and fed every 3 days. 
Monolayers of fibroblasts were ready in one month and were 
subultured once prior to storage and frozen in liquid N2 in GM 
with 8% dimethyl sulfoxide. Ampules were rapidly thawed when 
desired, grown to confluence, subcultured by trypsinization (0.25% 
for <5 min), and fed every 3 to 4 days. Cells were periodically 
tested for the presence of Mycoplasma. 

For condition A, the cells were grown in GM without NEAA 
in closed lucite boxes flushed with C02. For condition B, cells 
were grown in GM in an atmosphere of 5% C02-95% air. For 
condition C, the conditions described by Buchwald. (4) were 
duplicated (a medium-15% FBS) except that neomycin (50 pg/ml) 
was added. 
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Cells were studied prior to passage 9, except for a few internally 
controlled experiments in which fibroblasts up to passage 16 were 
used. Cell lines were always studied in pairs, one normal and one 
CF cell line. 

MEASUREMENT OF cAMP 

All experiments were performed on triplicate samples of cells, 
and these were assayed in duplicate for cAMP by the competitive 
protein binding technique of Brown et al. (2). Net isoproterenol- 
stimulated cAMP was calculated by subtracting cAMP generated 
in the absence of isoproterenol (basal CAMP) from cAMP gener- 
ated in the presence of isoproterenol. The isoproterenol stimula- 
tion ratio is the ratio of cAMP generated in the presence of 
isoproterenol to basal CAMP. 

METHODS OF PROCESSING 

Fibroblasts were grown in condition A and harvested 3 days 
after plating by one of the three methods described below. 

IN SITU METHOD 

The procedure of Gilrnan and Minna (14) was used with minor 
modifications. Fibroblasts (1.7 x lo5 cells plated) were grown in 
microtiter wells (Costar 3506, 35 mm diameter) and washed three 
times with PBS. They were then incubated with PBS-I0 mM 
theophylline for 15 min at 37OC. Agonists were added, and 
incubation was continued; then 1/10 volume 50% trichloroacetic 
acid (TCA) was added (or, alternatively, the PBS was aspirated 
and replaced with 5% TCA). TCA was extracted three times with 
5 volumes of water-saturated ether, and the aqueous phase was 
lyophilized and assayed for CAMP. Recovery of exogenous ["HI 
cAMP added to the TCA was 92-to 98%. 

SCRAPED CELLS 

The method of Tallman et al. (23) was used with minor modi- 
fications. Fibroblasts grown in Petri plates were washed three 
times and scraped gently into PBS with a rubber policeman. Cells 
were >95% viable by trypan blue exclusion. After separation by 
centrifugation (400 x g, 10 min), cells were washed three times 
with PBS and then incubated in PBS-I0 mM theophylline for 15 
min at 37°C. Agonists were then added, and incubation continued 
for 15 min. Accumulation of cAMP was terminated by boiling for 
2 min, and samples were assayed directly for CAMP. Recovery of 
I3H]cAMP added before boiling was >98%. 

TRYPSINIZATION METHOD 

Fibroblasts grown in plastic or glass bottles were washed three 
times with PBS, and then exposed to trypsin (0.25%) for the 
minimum time required to dislodge the cells from the support 
(always <5 min). Reaction was terminated by the addition of four 
volumes GM. Cells were separated by centrifugation (400 x g 10 
min) and washed three times with PBS. Cells were >95% viable 
by trypan blue exclusion. Cells were incubated for 15 min at 37OC 
in PBS-I0 mM theophylline, agonists were added and incubation 
continued for 15 min. Accumulation of cAMP was terminated by 
boiling for 2 min, and samples were assayed directly for CAMP. 
Recovery of exogenous [%]CAMP added before boiling was 
>98%. 

RESULTS AND DISCUSSION 

Studies utilizing cell cloning and hybridization have shown that 
the genotype of cultured cells affects the phenotypic response of 
cAMP to /3-adrenergic stimulation (3, 14). The experiments re- 
ported here illustrate a few of the factors apart from genes which 
can influence hormone-responsive generation of cAMP in human 
fibroblasts. In most instances, they operated to a similar extent in 
fibroblasts derived from normal subjects and from CF patients. 

METHODS OF HARVESTING I 
The method of preparing cells for study had a significant effect 

on measured cAMP content and hormone responsiveness. A re- 
ceptor-enzyme system located in the plasma membrane might be 
perturbed by treatments, chemical or mechanical, which are suf- 
ficient to interrupt the membrane's connection to the support, and 
major morphologic alterations have been observed in human 
fibroblasts following both scraping and trypsinization (18). Thus 
an in situ method of studying the P-adrenergic responsive ade- 
nylate cyclase system would be preferred. However, because we 
anticipated future experiments requiring dislodged cells, such as 
measurements of adenylate cyclase activity in broken cell prepa- 
rations, we conducted experiments comparing an in situ method 
with scraping and trypsinization for six normal and six CF cell 
lines grown in condition A. Trypsinization produced significant 
increases in basal levels of cAMP (Table I), consonant with 
reports that trypsin activates adenylate cyclase in other cultured 
cell systems (15). However, trypsinized cells also showed signifi- 
cantly lower stimulation ratio for isoproterenol and PGEl (Table 
2), suggesting that the response of adenylate cyclase to receptor- 
mediated stimulation is altered. Cells scraped from the plates had 
basal levels of cAMP comparable to those measured in situ, but 
the PGE, stimulation ratio was significantly reduced. The chem- 
ical basis of this interference with the hormone responsiveness of 
adenylate cyclase is unclear. However, studies with cultured fibro- 
blasts dislodged from the plate, such as assay of adenylate cyclase 
in broken cell preparations or use of dislodged cells for binding 
studies of receptors must be interpreted with caution. 

GROWTH OF FIBROBLASTS RELATED TO CHANGES IN HORMONE- 
STIMULATED cAMP 

Cellular cAMP content varies with the cell cycle: human fibro- 
blasts in the logarithmic phase have higher cAMP content than 
confluent cells (16), although in other cultured cells the pattern is 
reversed (6). Thus, if fibroblasts from normal persons and CF  
patients grew at different rates, differences in cellular cAMP 
content might result. In our studies, population doubling time was 
the same in normal and CF fibroblast lines, as reported previously 
from this laboratory (13). Cell number increased for about 5 days 
aAer subculture in all conditions tested and then remained stable; 
doubling time (24 to 36 hr) was the same in all conditions tested. 
Also, hormone-responsiveness of cAMP content has been shown 
to vary with time after subculture (16, 20). In these experiments 
(Fig. I), the isoproterenol stimulation ratio was maximal 2 to 3 
days and the PGE, stimulation ratio was maximal 7 to 10 days 
after subculture for fibroblasts derived from both normal subjects 
and CF  patients. This pattern of hormone responsiveness is char- 
acteristic of young fibroblasts (16. 20). (These cells had passage 
number of less than 9.) Both growth parameters and changes in 
basal cAMP and hormone responsiveness with time after subcul- 
ture were similar in normal and CF fibroblast lines. 

Table 1. Intracellular basal cA M P  content of skin fibroblasls 
(pmoIes/l d cells) 

Method of harvest' 

Cell type In situ method Scraped Trypsinized 

Normal 27 * 222 23 + 23 43 f 263 
(n = 6) 

CF (n = 6) 1 3 * 8  1 2 + 7  60 * 2U3 

' Fibroblasts were grown in condition A and studied 3  days after 
subculture by indicated methods as described in the text. 

Mean f S.D. 
P < 0.05 different from in situ method or scraped method (unpaired, 

two-tailed I test). 
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I CHARACTER OF ISOPROTERENOL AND PGE, RESPONSE 

The order of potency of agonists (Fig. 2) and the inhibition of 
esponse by propranolol but not phentolamine identified the 
atecholamine-responsive CAMP-generating system of human skin 
broblasts as a /3-adrenergic system (17). Time courses of response 

3r isoproterenol and PGEl (Fig. 3) and dose-response relation 
or isoproterenol (Fig. 4) and for PGEl (Fig. 5), a nonadrenergic 
timulator of adenylate cyclase, were similar in normal and CF 
amples. Figures 2 to 5 illustrate the data from one representative 
ormal and one CF cell line. Similar results were obtained in at 
:ast two additional normal and two other CF  cell lines for the 
'GEl results and for at least three other normal and three other 
:F cell lines for the isoproterenol results. Although the absolute 
alues of cAMP content varied considerably, the time course of 
esponse, dose-response relation and order of potency of agonists 
{as quite consistent. On the basis of these data, the standard 
~cubation conditions chosen for the remainder of the experiments 
,ere with M isoproterenol or M PGEl for 15 min. 

I CULTURE CONDITIONS. 

Culture conditions (the media and atmosphere in which the 
ells were grown) affected the cAMP response to isoproterenol. 
:our normal and four CF fibroblast lines were studied by the in 
itu method at passage number less than 9. Cells from each line 
{ere plated simultaneously in the three culture conditions de- 
cribed above (A, B, or C), and they were processed and assayed 
2gether at 3 and 10 days after subculture. Fibroblasts grown 
nder the conditions studied by Buchwald and Mapleson (4, 5), 
ondition C, had somewhat (0.05 < P < 0.1) increased cAMP 
esponse to isoproterenol at 3 days after subculture but signifi- 
antly (P < 0.05) diminished response at 10 days after plating 
ompared to cells grown in condition A or B (Fig. 6). Inasmuch 
s the compositon of a medium is quite different from that of 
4EM-E, it is impossible to implicate specific components in the 
ifferent responses. These differences in culture conditions might 
ause differences in the growth fraction of the cultures, and the 
hanges in isoproterenol responsiveness might reflect growth 
lther than nutritional differences. However, nutrients such as 
utyrate affect numbers of /3 receptors (22), and excess serine or 
thanolamine can result in increase in measured adenylate cyclase 
ctivity (19). In the present study, changes in culture conditions 
roduced parallel changes in the response to isoproterenol of 
ormal and CF fibroblasts. 

I INCUBATION MEDIUM 

I The standard medium was PBS with 10 mM theophylline. The 
ffect of changes in this medium was studied in cells grown in 

Table 2. Stimulation ratios for isoproterenol and PGEl for 
cultured skin jibroblasts 

Method of harvest1 Normal (n = 6) CF (n = 6) 

proterenol M; 15 min) 

In  situ method 9.6 f 6.1' 5.0 f 2.33 
Scraped 6.3 f 7.6 3.9 f 3.8 
Trypsinized 3.5 It 2.0 2.7 f 1.1' 

M; 15 min) 

I n  situ method 25 f 1 1  33 f 17 
Scraped 4.5 rt 5.4' 6.9 f 6.74 
Trvpsinized 8.5 f 4.4' 7.7 f 5.94 

i 
Fibroblasts were grown in condition A and studied 3 days after 

bculture by methods described in the text. 
Mean f S.D. 
P < 0.05 different from normal (unpaired, two-tailed t test). 
P < 0.05 different from in situ method (unpaired, two-tailed t test). 

0 Normal 
CF 

DAYS AFTER SUBCULTURE 
Fig. I. Change in stimulation ratio for isoproterenol (top) and PGEl 

(bottom) with time after subculture for three normal and three CF fibro- 
blast cell lines. Cells were grown in condition B and processed by the in 
situ method. The maximum stimulation ratio was designated 100%, and 
other ratios were expressed as a fraction of it. Points, mean f S.D. 

condition B 3 days after subculture. Each agent was studied in at 
least 2 normal and 2 CF  cell lines. Additions to the medium were 
made prior to preincubation for 15 min at 37OC and remained in 
the medium during stimulation with isoproterenol of PGE,. Ad- 
dition of GTP (1 mM) or polyamines (spermine, spermidine, or 
putrescine, (1 mM) had no effect on basal, isoproterenol-stimu- 
lated, or PGE,-stimulated cAMP levels, consistent with other 
reports which show no influence of these agents on whole cell 
preparations, but substantial effects in broken cell re arations 

t p  (21,25). Calcium (in concentrations ranging from 10- to 2 x 
M) and magnesium (in concentrations of to 2.5 x lo-* M) 
did not affect the isoproterenol stimulation ratio. Table 3 shows 
the changes in cAMP content produced by the presence of mag- 
nesium (1 mM) and calcium (1 mM) in the incubation medium. 
Substituion of MEM-E for PBS gave variable results for the cAMP 
content of the fibroblasts but did riot alter the stimulation ratio 
for isoproterenol or PGEI. Substitution of isobutylmethylxanthine 
(1 mM) for theophylline (10 mM) resulted in about 25% increase 
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0 Normal 

A C 
Fig. 6. lsoproterenol stimulation ratios at 10 days after subculture for 

our normal and four CF cell lines grown in two culture conditions (A and 
:). Lines connect points generated by the same cell line. Isoproterenol 
timulation ratio was significantly less in condition C ( P  < 0.05; paired t 
cst). 

Table 3. Accumulation of cAMP in cultured skin fibroblasts' 

Addition to incubation medium Normal CF 

Basal CAMP 123+192(8)5 113+27(8) 
Isoproterenol-stimulated 135+15(4)' 169+55(4)' 

cAMP 
Stimulation ratio for isopro- 107 + 43 (4) 123 + 45 (4) 

terenol 

Basal CAMP 132 + 47 (4) 126 + 27 (4) 
Isoproterenol-stimulated 125 * 5 (4)' 153 -+ 12(4)4 

cAMP 
Stimulation ratio for isopro- 105 f 46 (4) 132 + 38 (4) 

terenol 

I Results are expressed as percentage of values obtained with no addi- 
ions to incubation medium. 

Mean f S.D. 
"umbers in parentheses, number of trials. 
' Significantly different from control (no addition to incubation me- 

lium), P < 0.05, paired t test. 

Table 4. Analysis of reliability of methods of expressing data 

Intraclass correlation 
Data expression coefficient (13) F 

timulation ratio 0.76 16.6' 
let isoproterenol-stimulated CAMP 0.05 1.5 
'otal isoproterenol-stimulated 0.04 1.4 
cAMP 

otal isoproterenol-stimulated 0.01 0.3 
cAMP [calculated from Buch- 

wald's data (5)) 

' P c 0.05. 

ariation of cAMP recovery, have been checked by us and dis- 
arded. Variation of phosphodiesterase inhibition is possible, but 
nlikely because variability persisted whether theophylline, iso- 
utylmethylxanthine, or Ro20-1724 was used as inhibitor. The 

mixed cell nature of the fibroblast culture may contribute to the 
variance. Examination of the data of Gilman and Minna (14) 
shows that cell lines cloned from the same culture (even by the 
same selective pressure) may have widely varying cAMP content 
and response to isoproterenol, so if different platings randomly 
contain more of one cell type than another, substantial differences 
in cAMP content and isoproterenol response may result. Also, 
some variance may be contributed by changes in the growth 
fraction. The metabolic status of the cells when they are trypsin- 
ized and subcultured, the degree of injury from trypsin to be 
repaired, and small time differences between subculture and test- 
ing could influence growth fraction, which in turn affects cAMP 
levels (Fig. 1). Synchronizing the cell culture might help to reduce 
the variance. 

COMPARISON OF NORMAL A N D  CF CELL LINES 

The stimulation of intracellular cAMP by isoproterenol has 
been shown to be reduced in both mononuclear cells and granu- 
locytes from CF patients compared to leukocytes from healthy 
controls or those with other chronic and acute lung diseases (7). 
Similarly, in our initial studies, at 3 days postsubculture six CF 
cell lines had significantly lower net isoproterenol-stimulated 
cAMP and isoproterenol stimulation ratio compared to six normal 
cell lines (Table 2). Subsequent studies expanded this group to 10 
normal and 10 CF cell lines, and the difference between them was 
smaller and not statistically significant (0.1 > P > 0.05). There 
were no statistically significant differences between normal and 
CF cell lines grown in conditions B or C at 3 days after subculture. 
At 10 days after subculture, isoproterenol stimulation ratios for 
normal and CF fibroblasts were the same in each culture condi- 
tion. Normal and CF cell lines cannot be distinguished on the 
basis of isoproterenol-stimulated cAMP content. Review of the 
data from pairs of normal and CF cell lines studied simultaneously 
revealed no consistent relative response of cAMP to isoproterenol. 
and we found it impossible to identify the CF cells on this basis, 
even as paired samples. 

Thus we find that intracellular cAMP content and response to 
P-adrenergic agents and PGEl are comparable in normal and CF 
fibroblast lines. Moreover, exogenous influences on this system 
such as time in culture, methods of harvest, composition of culture 
medium, and composition of incubation medium have similar 
effects on normal and CF fibroblasts. Epstein et al. (12) have 
shown that phosphodiesterase activity and its response to theo- 
phylline or isoproterenol, cAMP binding, and CAMP-dependent 
protein kinase activity are comparable in normal and CF fibro- 
blasts. Thus, a clear abnormality in cAMP metabolism had not 
been demonstrated in CF fibroblasts. However, CF fibroblasts are 
more resistant to toxic effects of isoproterenol, theophylline, and 
dibutyryl CAMP, leaving open the question of a lesion in the 
cAMP pathway distal to its interaction with protein kinase (12). 

On the basis of the multiple exogenous influences on hormone- 
responsive CAMP, the largely unexplained day-to-day variability 
in cellular cAMP content, and the potential limitations of studying 
the cultured cells only on their support so as not to perturb the 
membrane-associated hormone receptor-enzyme system, it seems 
that the cultured skin fibroblast may not be the optimal system 
for population studies of adrenergic-responsive adenylate cyclase 
in &man disease. 
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