ably results in greater reproductive suc-
cess. However, the wide variance of the
sixth within a clone suggests that dif-
ferent packing arrangements and growth
forms of tubular bryozoan colonies
result from nongenetic causes.
ROBERT L. ANSTEY
DALE A. DELMET
Department of Geology, Michigan
State University, East Lansing 48823
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Adenosine 3’,5-Monophosphate and N°-2’-O-Dibutyryl-
Adenosine 3’,5-Monophosphate Transport in Cells

Abstract. Incubation of Strain L cells in 0.15 millimolar adenosine 3',5'-mono-
phosphate (cyclic AMP) increase the intracellular level of cyclic AMP more than
does incubation in dibutyryl cyclic AMP. The intracellular increase of cyclic AMP
is greater with Strain L than with WI-38 cells. Similarly, cell division of Strain
L cells is inhibited more by cyclic AMP. The experiments do not support the
belief that dibutyryl cyclic AMP is transported better than cyclic AMP.

In spite of numerous articles which
state that N®-2’-O-dibutyryl-adenosine
3’,5’-monophosphate  is  transported
more readily than adenosine 3,5'-
monophosphate (cyclic AMP), there
is as yet no direct evidence that sup-
ports this conclusion (/). The investi-
gations usually cited as evidence for
this statement suggest rather than es-
tablish this point (2). The situation
is aptly described by Robison, Butcher,
and Sutherland: “There is mo direct
evidence that the derivatives penetrate
cell membranes more rapidly than cy-
clic AMP, although this may occur and

may in some cases be the explanation
for their greater potency” (3).

The purpose of this investigation was
to obtain evidence regarding the trans-
port of these two biologically important
compounds in cell cultures.

Strain L (NCTC, clone 929) and
WI-38 cells (38th or 39th passage)
were used. The cells were determined
to be mycoplasma-free by the method
of Hayflick (4). The cell cultures were
maintained in Eagle’s minimal essential
medium with Hanks’ salts. Glutamine
(29.2 mg/liter) was added to the me-
dium and the pH was adjusted to 7.6

Table 1. Intracellular (In.) and extracellular (Ex.) concentrations of cyclic AMP and
dibutyryl cyclic AMP in Strain L cells and in WI-38 cells. Values are millimolar and the
average of three experiments. The molarity was calculated as millimoles of cyclic AMP per
liter of packed cell volume. The cell volume was determined by microhematocrit.

Dibutyryl cyclic AMP (mM)

Cyclic AMP (mM)

Incubation
time (days)  pp, Ex. In./Ex. In, Ex. In./Ex.
Strain L cells
0 0.15 0.15
1 0.07 14 0.5 1.01 .07 14.4
2 .04 12 3 0.14 .03 4.7
3 .01 11 .1 .09 .02 4.5
4 .005 .09 .06 .10 .02 5.0
W1I-38 cells

0 0.15 0.15
1 0.10 14 0.7 0.10 .03 3.3
2 A7 10 1.7 A5 .002 75.0
3 .06 .08 0.8 .02 0008 25.0
4 .05 .07 .07 .02
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with 0.89M bicarbonate. The medium
was supplemented with fetal calf serum
(10 percent), neomycin (50 mg/liter),
and amphotericin B (2 mg/liter).
Inhibition studies of cell cultures by
cyclic AMP and dibutyryl cyclic AMP
were done in Leighton tubes seeded
with 25,000 cells per milliliter, total
volume 2 ml. On the second and fourth
days of incubation the cells were re-
moved with 0.25 percent trypsin and
counted in a Coulter counter.
Adenosine 3’,5’-monophosphate acid
(Sigma, lot Nos. 90C-2080, 81C-0220,
and 78B-7240), N¢-2/-O-dibutyryl-aden-
osine 3/,5-monophosphate, monoso-
dium salt (Sigma, lot Nos. 90C-7020
and 91C-7200), and butyric acid were
dissolved directly in the culture medium
and filtered through a prewashed Milli-
pore filter (0.22 um size). The butyric
acid was redistilled, and the concentra-
tion was determined by titration. The
medium containing cyclic AMP and di-
butyryl cyclic AMP was used the day
of preparation because of the phospho-
diesterase activity in fetal calf serum.
Cells for the cyclic AMP assay were
grown in T-60 flasks seeded with 50,-
000 cells per milliliter, total volume 20
ml. After incubation, the medium was
removed and the cell layer was rinsed
six times with ice cold, 0.85 percent
sodium chloride. Removal of all extra-
cellular cyclic AMP was indicated by
no further decrease in cyclic AMP with
additional washes. Along with each
experimental T-60 flask, a control flask
with no cells but containing medium
and cyclic AMP was employed to deter-
mine the effectiveness of the washing
procedure in removing all cyclic AMP
from the glass. Because of the known
binding of cyclic AMP to proteins, an
additional flask of cells was used for
determining the amount of protein-

‘bound cyclic AMP. The cells were

frozen and thawed repeatedly to disrupt
the cell membranes, and the disrupted
cells were washed six times with cold

saline. The disrupted cells bound less

than 1 pmole of cyclic AMP per million
cells. For estimation of percent re-
covery, 5 ml of 0.5N perchloric acid
in 25 percent ethanol containing tracer
cyclic AMP [0.009 pc of [H?]cyclic
AMP (Amersham/Searle) per milliliter,
24.1 c¢/mmole] was added to the cell
layer. The cells were removed from
the glass by gentle scraping and centri-
fuged at 2000 rev/min for 15 minutes
to remove the cell protein precipitate.
After neutralization with KOH, the po-
tassium perchlorate was removed by
centrifugation, and the supernatant was
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chromatographed on AG 1-X2, 200 to
400 mesh, and the cyclic AMP was
eluted as described by Brooker (5).
Dibutyryl cyclic AMP is converted to
cyclic AMP by the method of sample
preparation (recoveries range from 92
to 100 percent). For this reason, di-
butyryl cyclic AMP is measured as
cyclic AMP. Cell counts were done
on aliquots as previously described (6).
Cyclic AMP is determined by the sat-
uration assay of Brown et al., which
employs a cyclic AMP binding protein
isolated from bovine adrenals (7).

The extracellular level of cyclic AMP
decreases much more rapidly during
incubation than the extracellular level
of dibutyryl cyclic AMP (Table 1).
This is expected because of the resist-
ance of dibutyryl cyclic AMP to hydrol-
ysis by phosphodiesterase (8). When
Strain L cells are incubated in cyclic
AMP, the intracellular concentrations
of cyclic AMP are higher at each day
of incubation than are the intracellular
concentrations of cyclic AMP resulting
from incubation of the Strain L cells
in dibutyryl cyclic AMP. This is
particularly noticeable after 24 hours
of incubation when the intracellular
concentrations reach 1 mM as contrast-
ed with 0.07 mM with dibutyryl cyclic
AMP. The intracellular/extracellular
ratio of cyclic AMP after incubation
in cyclic AMP suggests that cyclic
AMP is actively transported. Dibutyryl
cyclic AMP is either not transported
as readily, or it may be that it must
first be hydrolyzed to cyclic AMP be-
fore it is transported.

In previous studies, we have found
that WI-38 cells are not inhibited by
0.15 mM cyclic AMP (9). These cells
offered an interesting comparison with
Strain L cells, which are markedly in-
hibited by cyclic AMP. The results in
Table 1, lower portion, show that WI-
38 cells reduce the extracellular cyclic
AMP more than they do the dibutyryl
cyclic AMP. During incubation of WI-
38 cells in cyclic AMP, the intracellular
level of cyclic AMP never reaches the
1 mM level observed on the first day
of incubation with Strain L cells. How-
ever, the intracellular/extracellular ra-
tios of cyclic AMP indicate active
transport of cyclic AMP but not of
dibutyryl cyclic AMP.

In Table 2, it can be seen that Strain
L cells are inhibited up to 60 percent
by 0.15 mM cyclic AMP, whereas WI-
38 cells are not inhibited. In addition,
Strain L cells are inhibited less by di-
butyryl cyclic AMP, which correlates
with the lower intracellular levels
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Table 2. Percent inhibition* of WI-38 and Strain L cells by dibutyryl cyclic AMP and
cyclic AMP. Each result is the average of two determinations. Concentration of cyclic AMP,
dibutyryl cyclic AMP, and butyric acid in the culture medium was 0.15 millimolar.

WI-38 cells Strain L cells
Incubation by : Dib 1
time utyry! . ibutyry] .
: Cycli : Cycl
(days) 2;}1]5 NP Butyrate Xlﬁ/}g Anip Butyrate
2 17 0 15 33 5
4 20 0 21 60 3

* Percent inhibition =

Cell .count (contrcl) — cell count (cyclic nucleotide) X 100

Cell count (control)

achieved with dibutyryl cyclic AMP,
The approximately equal inhibition of
WI-38 cells by dibutyryl cyclic AMP
and butyric acid suggests that dibutyryl
cyclic AMP does not inhibit WI-38
cells, but that the inhibition observed
is an artifact resulting from the release
of butyric acid by the dibutyryl cyclic
AMP. ' ,

The assumption that dibutyryl cyclic
AMP is transported more readily than
cyclic AMP is not supported by these
experiments. On the contrary, in the
case of the two cell lines studied, cyclic
AMP is transported better than di-
butyryl cyclic AMP. The high intracel-
lular levels of cyclic AMP attained
would suggest that it is actively trans-
ported. In general, there appears to be
some correlation between the intracel-
lular levels of cyclic AMP and the
degree of inhibition of 'cell division.
The endogenous level of cyclic AMP
found in density-inhibited WI-38 and
Strain L cells is 0.03 mM and 0.02 mM
(6). These levels were exceeded ap-
proximately fivefold with WI-38 cells
without inhibition of division, which
suggests that factors other than cyclic
AMP may be involved in regulation of

cell division. Although butyric acid does
not affect the Strain L cells, it pro-
duces a considerable inhibition of WI-
38 cells, which indicates the importance
of adequate controls when studying the
influence of dibutyryl cyclic AMP on
cell growth and division.

WayYNE L. RYAN, MARY ANN DURICK
Department of Biochemistry,
University of Nebraska College of
Medicine, Omaha 68105

References and Notes

1. Molecular Genetics Correspondent, Nature
New Biol. 236, 161 (1972).

2. Th. Posternak, E. W. Sutherland, W. F.
Henion, Biochim. Biophys. Acta 65, 558 (1962);
J. Falbriard, Th. Posternak, E. W. Sutherland,
ibid. 148, 99 (1967); W. Henion, E. W. Suther-
land, Th. Posternak, ibid., p. 106.

3. G. A. Robison, R, W. Butcher, E. W. Suther-
land, Cyclic AMP (Academic Press, New
York, 1971), p. 101.

4. L. Hayflick, Tex. Rep. Biol. Med. 23 (Suppl.
1), 205 (1965).

5. G. Brooker, L. Thomas, Jr., M. Appleman,
Biochemistry T, 4177 (1968).

6. M. L. Heidrick and W, L. Ryan, Cancer Res.
31, 1313 (1971).

7. B. Brown, J. Albano, R. Ekins, A. Sgherzi,
Biochem, J. 121, 561 (1971).

8. P. F. Moore, L. C. Iorio, J. M. McManus, J.
Pharm. Pharmacol. 20, 368 (1968).

9. M. L. Heidrick and W. L. Ryan, Cancer Res.
30, 376 (1970).

10. Supported by grant BC-48 from the American
Cancer Society and by PHS grant 3 TO1-
HDO00018-10S1 HDPB.

S June 1972 -

Type C RNA Tumor Viruses as Determinants of Chemical

Carcinogenesis: Effects of Sequence of Treatment

Abstract. Fischer rat embryo cells were treated with 3-methylcholanthrene be-
fore or after inoculation with Rauscher murine leukemia virus. Transformation
was not observed in untreated control cultures, cultures given virus or 3-methyl-
cholanthrene alone, or cultures treated first with 3-methylcholanthrene followed
by inoculation with the virus after removal of the chemical. Transformation was
dependent upon the presence of Rauscher murine leukemia virus at the time of

chemical treatment.

We have reported that a number of
chemical carcinogens (/-5) induced
morphological and malignant transfor-
mation of rat embryo cultures chroni-
cally infected with murine leukemia
virus (MuLV). Untreated cultures, or
cultures treated with virus or chemical

alone, were not transformed in our test
system. As a first step in determining
the mechanisms responsible for the syn-
ergistic activity of the two agents, we
undertook a series of timed-sequence
experiments in which low passage (be-
low passage 50) Fischer rat embryo
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