the size and orientation of the pro-
teins involved, the matrix element is
T=9=*3x 10~ eV. Using an approxi-
mate estimate (/)

2.7 R
WP ) O
T can be related to N4(N,), the number
of atoms over which the electron is de-
localized on the donor (acceptor) mole-
cule, and R, the distance between the
heme groups on CP and C. For electron-
ic wave functions delocalized over the
heme groups, N; = N, = 20 and Eq. §
gives the value R = 7 A. This is consist-
ent with values predicted from the theo-
ry for other biological systems and simi-
lar to the value R =7 to 10 A for C-
Fe(CN)g (3). The distance between iron
atoms is ~ 15 to 20 A, similar to dis-
tances measured by fluorescence tech-
niques (8).

The values of T and A obtained in
these experiments are similar to those in-
ferred in electron transfer processes in
bacterial photosynthesis. Depending on
which molecules are involved, the theo-
ry predicts values of T between 2 X 1074
and 3 X 107® eV. Values of A between
0.4 and 1.6 eV are predicted for a series
of electron transfers in bacterial photo-
synthesis. The CP-C value of A = 1.07
eV is within this range.

The electron transfer rate, k, can be di-
rectly calculated from the parameters A,

T =

o,and T (I). A value of k=1 x 107=3
sec™! is calculated for the measured pa-
rameters £; — E, — A = 0.70 = 0.22
eV, 0 =021*004eV,and T =9 =
3 x 107* eV. The large error is due
to the exponential behavior of the rate
expression.

These results show the existence of a
new charge-transfer band in the bound
complex CP-C which is not present in
the individual components. This new
band and the parameters obtained are
significant demonstrations of the validity
of nonadiabatic electron tunneling.

M. J. POTASEK
Department of Physics,
Princeton University,
Princeton, New Jersey 08540
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Monensin and the Prevention of Tryptophan-Induced

Acute Bovine Pulmonary Edema and Emphysema

Abstract. 3-Methylindole, a ruminal fermentation product of tryptophan, induces
acute pulmonary edema and emphysema in cattle, and 3-methylindole is present in
the ruminal fluid and blood of cows with a natually occurring form of this disease.
Monensin, a polyether antibiotic and widely used feed additive for beef cattle, pre-
vented tryptophan-induced acute bovine pulmonary edema and emphysema. Mon-
ensin acted by reducing the ruminal conversion of L-tryptophan to 3-methylindole
both in vitro and in vivo. Lasalocid, also a polyether antibiotic, showed similar ef-
Sfects in vitro. These results provide a promising approach to prevention of this major

respiratory disease of cattle.

Acute bovine pulmonary edema and
emphysema (ABPE) or fog fever is a nat-
urally occurring disease of adult cattle
characterized by sudden onset of acute
respiratory distress soon after a change
to lush forage, usually in the fall (7). The
disease occurs in many parts of the
world including the United States, Cana-
da, and Europe (I, 2), and it is the most
prevalent respiratory disease associated
with groups of pastured beef cattle (3).
The incidence of ABPE appears to be in-
creasing in parallel with changes to more
intensive range and pasture manage-
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ment. This and the absence of proven
methods of treatment or prophylaxis re-
sults in a significant economic loss to
beef cattle producers. Effective pre-
vention would allow more efficient utili-
zation of improved pastures and provide
economic benefits contributing toward
more profitable red meat production.
Previously @) we demonstrated that
3-methylindole, a ruminal fermentation
product of tryptophan, would cause
acute pulmonary lesions in cattle, similar
to those of ABPE. Additional work has
shown that the pathogenesis of the dis-

ease probably involves ruminal con-
version of L-tryptophan, a naturally oc-
curring amino acid and constituent of
forage, to indoleacetic acid which is then
converted to 3-methylindole (5, 6). We
have also found that ruminal micro-
organisms convert L-tryptophan to in-
doleacetic acid (7) and that a Lactoba-
cillus sp. isolated from the rumen me-
tabolizes indoleacetic acid to 3-meth-
ylindole (8). This process occurs in Vi-
vo, as indicated by the presence of 3-
methylindole in ruminal fluid and plasma
of cows given tryptophan to induce
ABPE (6). In contrast to tryptophan or
indoleacetic acid, both intravenous and
oral administration of 3-methylindole re-
sults in pulmonary lesions typical of
ABPE ¢, 9). In addition to the pathologi-
cal similarity between the experimental-
ly induced and naturally occurring dis-
eases, the presence of 3-methylindole in
ruminal fluid ({0, 1) and peripheral
blood (I0) has been demonstrated in
cows that developed ABPE after a move
from relatively dry to lush, green pas-
ture. These observations lend support to
the view that naturally occurring ABPE
results from ruminal metabolism of
tryptophan. In this report we describe
experiments that demonstrate that mon-
ensin, a widely used feed additive, can
inhibit the production of 3-methylin-
dole and prevent experimentally induced
ABPE. These results provide a promis-
ing approach to possible prevention of
naturally occurring ABPE.

Previous work in our laboratory dem-
onstrated that 3-methylindole production
in ruminal fluid could be decreased in vi-
tro and in vivo by the use of antibiotics
(7), but the effectiveness of these antibi-
otics at concentrations low enough for
practical application in live animals was
not investigated. Therefore, we under-
took experiments to screen several com-
pounds for their ability to reduce 3-
methylindole production. By means of
in vitro techniques (7) and analytical
methods devised in our laboratory (12),
several antimetabolites were screened
for their ability to reduce the conversion
of L-tryptophan to 3-methylindole in vi-
tro. Mixtures of 23 ml of ruminal fluid, 10
mg of L-tryptophan (10 mg of L-trypto-
phan per milliliter of H,0), and 0.625 mg
or 0.125 mg of test compound (25 or S ug
per milliliter, final concentration) were
incubated in triplicate in 50-ml Erlen-
meyer flasks fitted with rubber caps. The
test compounds were dissolved in 1 ml of
H,0, 0.1N aqueous NaOH, or absolute
methanol. Each flask was flushed with
CO, for 1 hour, then incubated at 37°C
for another 23 hours. The results ob-
tained were compared to those for con-
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trol mixtures in which only solvent, sub-
strate, and ruminal fluid were incubated.
For these experiments we used ruminal
fluid collected from one animal on sever-
al different days (at the same time each
day), but comparisons between individ-
ual treatments and controls were always
from the same ruminal fluid samples.
Conversion of L-tryptophan to 3-methyl-
indole in control mixtures averaged 43.7
percent. The results for mixtures in-
cubated in vitro are shown in Table 1.
The polyether antibiotics monensin and
lasalocid (I13) were the most effective
compounds tested. At concentrations of
5 ug/ml, these compounds reduced 3-
methylindole formation by 87 to 90 per-
cent. The positive results with monensin
were of particular interest because a
commercial preparation of monensin is a
widely used feed additive for beef cattle
and might be a promising preventative
for ABPE. Monensin increases produc-
tion efficiency of cattle on pasture and
reduces feed intake (/4) by increasing
the relative proportion of ruminal propi-
onic acid production and possibly by de-
creasing methanogenesis and protein
degradation (15). These effects may be
complementary to those of reducing 3-
methylindole formation and may allow a
smoother transition from dry forage to
lush pasture.

In subsequent studies we determined
the ability of monensin to decrease ru-
minal production of 3-methylindole in
vivo. Eight mature Hereford cows were
divided into two groups and given 0.35 g
of L-tryptophan per kilogram of body
weight to induce ABPE. Each of four
cows was given 100 mg of monensin (16)
orally in gelatin capsules twice daily
starting 1 day before and ending 4 days
after the tryptophan dose. Four control
cows were given L-tryptophan without
further treatment. Ruminal fluid samples

50 1
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20

Ruminal 3MI
concentration (ug/ml)

0 * - + ¥
0 12 24 48 72 96
Time after tryptophan dose (hours)

Fig. 1. Mean concentrations of 3-methylin-
dole 3MI) in the rumens of four cows each
given 200 mg of monensin per day, from —1
to 4 days after an oral dose of 0.35 g of L-
tryptophan per kilogram of body weight (&),
and in four cows given L-tryptophan without
further treatment (O). Bars indicate = stan-
dard error of the mean.

were taken at 0, 6, 12, 18, 24, 36, 48, 72,
and 96 hours after tryptophan adminis-
tration and analyzed for 3-methylindole
(12). The cows were observed at least
daily for clinical signs of respiratory dis-
ease, then examined at necropsy 6 days
after the oral dose of tryptophan had
been given.

The mean concentrations of 3-methyl-
indole in the rumen for each group of
four cows are shown in Fig. 1. Mean ru-
minal concentrations of 3-methylindole
in control cows reached a peak of 36.4
wng/ml at 12 hours and persisted at levels
above 15 pg/ml from 6 to 36 hours after
the cows received tryptophan. Mean
concentrations in the rumen of monen-
sin-treated cows never exceeded 5.0
ug/ml.

All control cows responded to trypto-
phan by developing clinical signs of res-
piratory disease, and three of the four
cows were severely affected. One con-
trol cow died of ABPE approximately
132 hours after receiving tryptophan;
two other control cows developed severe
clinical signs of ABPE and were slaugh-

Table 1. The production of 3-methylindole in vitro expressed as a percentage of control
(= standard error of the mean) in mixtures of ruminal fluid incubated in triplicate with L-

tryptophan and various compounds.

Concentration

Compound
25 pg/ml S pg/ml
Monensin* 7.8 04 133 23
4,4-Dimethyldiphenyl iodonium chloridet 0.8+ 0.1 105.9 £ 11.9
Diphenyl iodonium chloridet 0.6 = 0.1 106.1 = 13.2
1,1,1-Trichloro-2-hydroxy-4-pentanonef 70.0 = 5.7 87.6 £ 3.7
Dicloralureat 442 + 5.6 104.0 = 12.2
Amicloralt 51.0 = 12.0 104.9 + 15.8
Dithiooxamide f 38.0 + 4.5 101.9 = 12.7
Lasalocidt 13.4 = 0.7 9.9 + 0.7
5-Chloro-8-hydroxyquinoline§ 112.1 = 6.0 107.7 = 9.2
15-Crown-5§ 104.8 = 4.4 94.1 £ 3.7
DL-a-Methyldopa| 102.3 = 7.9 110.2 £ 1.9
*A gift of Elanco Products Company. tA gift of Smith Kline Animal Health Products. A gift of

Hoffmann-La Roche, Inc. § Aldrich.
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tered in extremis, and the fourth control
had mild clinical signs which had sub-
sided by the time of slaughter. No clini-
cal signs of respiratory disease were ob-
served in any of the monensin-treated
COWS.

At necropsy, none of the monensin-
treated animals had pulmonary lesions of
tryptophan-induced ABPE. In contrast,
diffuse lesions of congestion, edema, in-
terstitial emphysema, alveolar epithelial
hyperplasia of type 2 pneumonocytes,
interstitial eosinophilia, and bronchiolar
epithelial necrosis and hyperplasia were
found in the lungs of the three cows with
severe clinical signs. Similar focal le-
sions were detected microscopically in
the fourth cow.

These experiments demonstrate that
reduction in ruminal 3-methylindole for-
mation prevents tryptophan-induced
ABPE. Monensin and lasalocid, both
polyether antibiotics, reduced 3-methyl-
indole formation in vitro. Monensin was
further shown to reduce 3-methylindole
formation in vivo. These results provide
a promising approach to a prevention for
naturally occurring ABPE.

A. C. HAMMOND
J. R. CARLSON
Department of Animal Sciences,
Washington State University,
Pullman 99164
R. G. BREEZE
Department of Veterinary
Microbiology and Pathology,
Washington State University
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Rise and Fall of Cyclic AMP Required
for Onset of Lymphocyte DNA Synthesis

Abstract. The adenosine 3',5'-monophosphate (cyclic AMP) levels of mouse lym-
phocytes rose and fell sharply 10 hours after stimulation with concanavalin A. Treat-
ment of the cells with indomethacin reversibly prevented the increase in cyclic AMP
and the subsequent onset of DNA synthesis. When the heightened cyclic AMP before
S phase was maintained by either inhibiting phosphodiesterase or by adding the 8-
bromo derivative of cyclic AMP, DNA synthesis was also blocked. Both the increase
and decrease in cyclic AMP appear to be required for progression of lymphocytes

into the S phase of growth.

Numerous studies have attempted to
define the relation between adenosine
3’,5'-monophosphate (cyclic AMP) me-
tabolism and cellular proliferation. Re-
sults from several experimental systems
have led to the widely held concept that
cyclic AMP acts primarily as a negative
regulator of cell division (I, 2). Cyclic
AMP analogs or agents that elevate in-
tracellular cyclic AMP inhibit the multi-
plication of a variety of cultured cells (3).
Direct measurement of intracellular cy-
clic AMP has also shown that prolifer-
ating, growth-regulated fibroblasts have
low amounts of cyclic AMP that increase
as the cells establish contact and cease
dividing @). Finally, transformed cells,
exhibiting unregulated growth, have rel-
atively low concentrations of cyclic
AMP that are independent of cell density
“, 5). Because of these studies, little at-
tention has been paid to evidence that in-
dicates cyclic AMP plays a positive role
in cellular proliferation (6).

An increase in cyclic AMP before the
S phase of growth in certain cell types
has indicated a positive role for cyclic
AMP in cell proliferation and led to the
idea that a brief rise in cyclic AMP is part
of the series of events leading to DNA
synthesis (7). Investigation of the rela-
tion between the cyclic AMP increase
and DNA synthesis has been confined to
regenerating liver cells, and the results
have not been consistent; preventing the
rise in cyclic AMP before S phase did not
always inhibit DNA synthesis (8, 9) and,
in one study, the drug indomethacin pre-
vented S phase, but did not block the in-
crease in cyclic AMP (10). Additional
supportive evidence has come from cell
cycle analyses. In several systems in-

SCIENCE, VOL. 201, 14 JULY 1978

cluding regenerating liver cells in vivo,
elevated cyclic AMP in the G, phase of
growth preceded low levels found in S
phase, again suggesting a positive role
for the cyclic nucleotide in cell prolifera-
tion (11, 12).

Mouse spleen lymphocytes remain
quiescent (G, phase) until triggered by a
mitogen such as concanavalin A (con A)

2.4

0.8

T T T T T

Cyclic AMP level

(pmole/108 viable cells)

tion [(103cpm/hour)
per 108 viable cells]

tion [(103 cpm/hour)
per 108 viable cells]

[3H]Thymidine incorpora- [3H}Uridine incorpora—

Culture time (hours)

Fig. 1. Change in (A) intracellular cyclic AMP
(O, ®) and (B) rates of [*H]Juridine (A, A) and
(C) *H]thymidine incorporation (OO, M) dur-
ing proliferative response of con A-stimulated
lymphocytes (I13). Open symbols represent
unstimulated control cultures and closed sym-
bols represent con A-stimulated cultures.
Each time point signifies the means (+ stan-
dard error of the mean) from four experi-
ments.

to enter a proliferative cycle. We now re-
port systematic measurements of cyclic
AMP in such mitogen-stimulated lym-
phocytes and have investigated the sig-
nificance of any observed changes. Our
results indicate that cyclic AMP has a
complex role in lymphocyte prolifera-
tion; we found that a sharp rise and fall in
cyclic AMP preceded DNA synthesis,
and we provide evidence that both the
increase and decrease are required for
the progression of these cells into S
phase.

Intracellular cyclic AMP levels were
determined at various intervals after con
A stimulation (I3, 14) (Fig. 1). Similar re-
sults were obtained whether the cyclic
AMP levels were calculated as a function
of cell number (Fig. 1) or cell protein
content (data not shown). Within the
first 30 minutes after addition of mitogen,
intracellular cyclic AMP increased by a
factor of 1.5 compared to control cells.
This rise was transient; the concentra-
tion returned to the control value within
1 hour and remained constant until 10
hours after the addition of con A; at that
time, cyclic AMP again increased and
continued to rise until approximately 30
hours after stimulation, when a sixfold
increase over control was reached.
Thereafter, the concentration of cyclic
AMP fell rapidly and returned to near
baseline by 50 hours. The cyclic AMP in-
crease at 10 hours preceded the begin-
ning of S phase, and its decline occurred
before the onset of DNA synthesis; how-
ever, the cells were not well synchro-
nized, causing some overlap between the
two curves. Thus, both a rise and fall in
cyclic AMP seemed to occur before the
onset of S phase. The cyclic AMP con-
centration did not change in any obvious
way later in the proliferative cycle, but
synchrony was lost by 60 hours and later
changes may have been masked.

In view of the complexity of RNA
metabolism, only a very general com-
parison can be made between uridine in-
corporation and cellular cyclic AMP lev-
els (Fig. 1). RNA synthesis began to
increase between 2 and 4 hours after ex-
posure to con A and increased over a
long time period. This increase occurred
before the major rise in the cellular cy-
clic AMP. Thus, the major cyclic AMP
peak did not seem to be related to
changes in RNA metabolism; in sub-
sequent experiments, manipulation of
the cyclic AMP level did not affect the
rate of uridine incorporation into RNA.

Although intracellular cyclic AMP lev-
els reflect the balance between its syn-
thesis, degradation, and export, it is
likely that the increase we observed was
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