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Introduction. Previous studies (1) have
shown that cells treated with an inducer of
interferon  develop antiviral resistance
through a two-step process in which the pro-
duction of interferon must precede that of a
second protein, the so-called antiviral pro-
tein. Cells rendered highly resistant to viral
replication by a viral inducer, become tem-
porarily refractory to new induction of inter-
feron. In addition, the interferon mechanism
is activated during viral infection and it
ceases functioning shortly after the infection
is terminated. This sequential induction and
subsequent inhibition suggests that a regula-
tory system is activated in the induced cells.
Some recent findings indicate that in some
cell systems the production of interferon is
potentiated by inhibitors of protein and RNA
synthesis, added at critical times after the
induction (2, 3). These data have been inter-
preted to indicate production of proteins
which might play a repressive role during
interferon production. Since cyclic adenosine
3’,5-monophosphate (cyclic AMP) plays an
important role in the regulatory system of
bacteria, as well as in many secretory phenom-
ena of euchariotic cells, and in lymphocyte
transformation and activity (4-6), it seemed
interesting to determine whether cyclic AMP
levels would influence the mechanisms con-
trolling interferon production iz vitro.

Materials and Methods. Dibutyryl cyclic
AMP [DBCAMP, P-L. Biochemicals (8)],
adrenaline, and theophylline at a concentra-
tion of 10 mg/ml, were dissolved in 0.15 M
phosphate buffered saline. Immediately be-
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fore each experiment further dilutions were
made in Eagle’s medium. Unless otherwise
specified these compounds were used at a
final concentration of 1 mg/ml. Cyclohex-
imide (Sigma) and actinomycin D (Merck,
Sharp, and Dohme) were both dissolved in
Eagle’s medium and used at a final concen-
tration of 20 and 5 pg/ml, respectively. In-
terferon production was studied as previously
described (9) in mouse L cells and in pri-
mary or secondary rat embryo cells induced
with Newcastle disease virus (NDV, strain
F) and with Chikungunya virus, respective-
ly, or with the synthetic polynucleotide com-
plex formed by polyinosinic and polycytidyl-
ic acids (In.Cn), added to the cell cultures in
the presence of DEAE-dextran. Interferon
titrations were performed in homologous cells
as previously described using GD-7 virus for
L cells or Sindbis virus for rat embryo cells
as challenge viruses (H. Oie, C. Buckler, C.
Uhlendorf and S. Baron, personal communi-
cation).

Results. Effect of cyclic AMP on interferon
production by L cells treated with In.Cn.
Triplicate tubes of L cells were induced with
In.Cn (10 pg/ml) plus DEAE-dextran (200
ug/ml), in the presence or absence of
DBCAMP or of adrenaline plus theophylline.
Adrenaline and theophylline are compounds
which, respectively, induce and stabilize in-
tracellular levels of cyclic AMP in a wide
range of cell systems (8). Interferon produc-
tion was determined after 7 hr of incubation
at 37°. The results of a representative experi-
ment are presented in Table I.

As shown the cells induced with In.Cn
alone produced a large amount of interferon
while its production was undetectable in the
presence of DBCAMP or adrenaline plus the-
ophylline. Lower doses of DBCAMP (from
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TABLE I, Effect of Dibutyryl Cyelic AMP® or

Adrenaline* (A) plus Theophylline* (T) on In-

terferon Production by Mouse I. Cells Treated
with In-Cn.

Interferon

produetion
Inducer Treatment (units/ml)
None DBCAMP <10
None A4+T <10
In«+Cn None 100
In-Cn DBCAMP <10
In+Cn A+T <10

1 mg/ml

100 to 0.1 pg/ml) did not exert any detecta-
ble effect on interferon production.

In addition adenine, adenosine, 5’-adeno-
sine monophosphate, cytosine monophosphate,
guanosine monophosphate and deoxyadeno-
sine monophosphate, used at equimolar
amounts were not effective in inhibiting inter-
feron production. These substances although
chemically related to cyclic AMP do not influ-
uence cyclic AMP levels. Control experi-
ments showed that all the compounds used
did not influence viral growth nor exert a
visible toxic effect on the cells within the
time of the experiments.

Effect of cyclic AMP on interferon produc-
tion by L cells treated with Newcastle disease
virus and by rat embryo cells treated with
Chikungunya virus. The inhibitory activity of
DBCAMP or adrenaline plus theophylline in
L cells treated with In.Cn could be due (a) to
an effect on the cellular responsiveness to the
inducer (either specifically or nonspecifically
related to interferon production); (b) to a
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direct activity on the inducer itself; or (c) to
an effect on the DEAE-dextran used as the
enhancer, since In.Cn does not induce detec-
table amounts of interferon in L cells without
the addition of DEAE-dextran (10). The
possibilities that the compounds acted direct-
ly on In.Cn (b), or on DEAE-dextran (c),
were tested by determining the effect of
DBCAMP or adrenaline plus theophylline on
interferon induced by virus instead of In.Cn
plus DEAE-dextran. The results of represen-
tative experiments are shown in Table II.

It can be seen that either in L cells in-
duced with NDV or in rat embryo cells in-
duced with Chikungunya virus DBCAMP or
adrenaline plus theophylline strongly inhib-
ited interferon production. These data show
that the inhibitory activity occurs indepen-
dently of the kind of inducer used, and also
independently of the cell type. Since these
results make possibilities (b) and (c) unlike-
ly, it is reasonable to think that these com-
pounds exert their effect by somehow affect-
ing cellular mechanisms underlying the pro-
duction of interferon.

Further experiments showed that rat em-
bryo cells induced with Chikungunya virus
and treated simultaneously with DBCAMP
produced normal amounts of interferon if the
compound was removed after 2 or 6 hr.
Interferon production also took place normal-
ly in cells pretreated overnight with
DBCAMP and then washed before induction
with Chikungunya virus. These findings indi-
cate that the action of DBCAMP is com-
pletely reversible.

Experiments were undertaken next to help
determine whether protein synthesis was re-

TABLE II. Effect of Dibutyryl Cyclic AMP® or Adrenaline® plus Theophylline* on Inter-
feron Production by Rat Embryo and L Cells Induced with Viral Inducers.

Treatment with

DBCAMP or with
adrenaline + Interferon production
Cell cultures theophylline Inducer (units/ml)
Rat embryo No Chikungunya 300
Yes Chikungunya 10
L No NDV 1000
Yes NDV 30

%1 mg/ml
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quired for DBCAMP to inhibit induction of
interferon. The experimental design was to
determine whether the mRNA for interferon
would be produced in cells induced by
Chikungunya virus in the presence of

DBCAMP plus cycloheximide. It had previ-

ously been shown that cycloheximide did not
inhibit the induction of mRNA for interferon
although it did inhibit translation into the
interferon protein. On removal of cyclohex-
imide and addition of actinomycin D to pre-
vent formation of additional mRNA, the
mRNA for interferon was translated into in-
terferon protein (11). Using a similar experi-
mental design, rat embryo cells were treated
with Chikungunya virus alone or in combina-
tion with cycloheximide, DBCAMP, or
DBCAMP plus cycloheximide. Five hours
later actinomycin D was added to stop any
further production of mRNA and 1 hr later
the cultures were washed, fed with fresh
medium and incubated overnight at 37°. At
that time interferon samples were harvested
for titration. Control experiments based on
measurements of *H-uridine and *C-proline
incorporation showed that under the experi-
mental conditions cycloheximide inhibited
more than 97% of protein synthesis without
affecting RNA synthesis. After the removal
of cycloheximide and the addition of actino-
mycin D, protein synthesis resumed fully but
RNA synthesis was almost completely and
irreversably suppressed. The results are
shown in Table TII.

As shown, interferon production occurred
in cells treated with Chikungunya virus alone
or in combination with cycloheximide, but it
did not occur in cells treated with Chikun-
gunya virus and DBCAMP. Normal produc-
tion of interferon was, however, observed in
cells treated with Chikungunya virus in com-
bination with cycloheximide and DBCAMP,
indicating that the inhibitory activity of the
latter was prevented by cycloheximide. This
finding is consistent with the interpretation
that DBCAMP requires cellular protein syn-
thesis for its action (12, 13),

Another interesting aspect of this experi-
ment was that cells induced with Chikun-
gunya virus in the presence of DBCAMP
failed to produce normal amounts of inter-
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TABLE II1. Effect of Cycloheximide on the In-

hibitory Activity of Dibutyryl Cyclic AMP on In-

terferon Produetion by Rat Embryo Cells Treated
with Chikungunya Virus.*

Interferon

production

(units/ml)
Treatment Expt.: 1 2 3
None 1000 300 300
DBCAMP 30 <10 <10
Cycloheximide 300 100 300
DBCAMP + 300 100 300

cycloheximide

e Cells were treated for 5 hr with Chikungunya
virus in the presence of the indicated compounds.
At the fifth hour actinomycin D (5 ug/ml) was
added. One hour later cells were washed 3 times
and fresh medium was added. Interferon samples
were harvested after overnight incubation.

feron when the DBCAMP was removed and
actinomycin D was added (Table III, line
2). When actinomycin D was omitted after
removal of DBCAMP, normal amounts of
interferon were produced. This finding sug-
gests that DBCAMP may prevent induction
or function of the mRNA for interferon.

Discussion. 1t has been reported that cy-
clic AMP increases the antiviral activity of
interferon in chick embryo cells (14). The
present results, indicating an inhibitory effect
of cyclic AMP on interferon production by
rat embryo and mouse L cells, supports the
view that cyclic AMP can play an important
role on the regulatory mechanisms of the
interferon system. A related and recent obser-
vation is the depressive effect of cyclic AMP
on the protective activity of In.Cn has been
observed in mice infected with Friend leuke-
mia virus (15).

The mechanism by which cyclic AMP de-
creased interferon production is not yet clear.
However, the reversibility of its action, the
absence of inhibitory activity in the presence
of cycloheximide, and the lack of activity of
several related but inactive compounds strong-
ly suggest that the effect is real and not due
to some nonspecific effect on the cell system.

It has been established that in cell cultures
the rate and duration of interferon produc-
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tion vary with the cell type and the kind of
inducer. However, after the maximum level
has been reached, production ceases and the
cells become refractory to a second induction
(16, 17). It has been also reported that the
addition of inhibitors of protein and RNA
synthesis after the induction enhance the
production of interferon (2). These findings
suggested that the metabolic inhibitors pre-
vent the synthesis of a protein which sup-
presses interferon production (2, 3). The
present finding that the inhibition of inter-
feron production by DBCAMP does not oc-
cur in the presence of cycloheximide may
suggest the hypothesis that DBCAMP could
induce the synthesis of that inhibitory pro-
tein. If this hypothesis is correct this protein
should be relatively unstable since the action
of DBCAMP is completely reversible after
2-6 hr. This point is currently under study.

The present data suggest that DBCAMP
inhibits interferon production at the tran-
scriptional level. Cells induced with Chikun-
gunya virus in the presence of cycloheximide
or DBCAMP did not produce interferon
while either compound was present. However
after their removal and the addition of ac-
tinomycin D interferon was produced only by
the cells induced in the presence of cyclo-
heximide, but it was not produced by cells
induced in the presence of DBCAMP. Since
only preformed mRNA could be translated
into the interferon protein in the presence of
actinomycin D, it can be inferred that func-
tional mMRNA was produced in the presence
of cycloheximide and it was either not pro-
duced or it was unstable in the presence of
DBCAMP. This hypothesis is now under
study.

Summary. Treatment of mouse L or rat
embryo cells with dibutyryl cyclic AMP pre-
vents, or strongly reduces, the production of
interferon induced either by poly I.poly C or
by Newcastle disease and Chikungunya vi-
ruses. The same effect was also observed in
cells treated with adrenaline plus theophyl-
line (enhancers of cyclic AMP). In addition
the inhibitory activity of dibutyryl cyclic
AMP was prevented by suppression of pro-
tein synthesis with cycloheximide. Prelimi-
nary evidence obtained using metabolic inhib-
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itors suggests that the depression of inter-
feron production may be due to an effect at
the transcriptional level. The results are in-
terpreted to indicate a possible role of cyclic
AMP on the intracellular regulatory mecha-
nisms of the interferon system.

Part of the experiments reported in this paper
have been performed at the Laboratory of Viral
Diseases, NIAID, NIH, Bethesda, MD. The authors
express their gratitude to Dr. S. Baron and Dr. H.
B. Levy for their substantial help and criticism.
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