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Fig. 3. Linear plot showing the effect of
the field strength E on the thickness [ of
the solute layer.

sec for D (5) and —6.5 X 10—5 cm2/
sec volt for u (6).

The agreement between theory and
experiment in Fig. 3 is exceptionally
good. Some results for different systems
show a comparable agreement with
theory, whereas others are in accord
only with the trend of the theoretical
curve, and show departure in some im-
portant detail. Hemoglobin at pH 8.0,
for instance, produced a line intercept-
ing the positive ordinate rather than
the origin. All proteins at pH 4.5 gen-
erated linear plots of approximately

correct slope but with negative inter-
cepts. A
The reasonable agreement betwee:
theory and experiment makes it possible
to use theory as a tool in tailoring ex-
perimental conditions for optimal EFFF
separations.
KARIN DAHLGREN CALDWELL
LAava FrocH KESNER
Marcus N. MYERs
J. CALVIN GIDDINGS
Department of Chemistry,
University of Utah,
Salt Lake City 84112
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Induction of Pulmonary Edema and Emphysema in
Cattle and Goats with 3-Methylindole

Abstract. Microorganisms from rumen converted L-tryptophan and indole-
acetic acid to 3-methylindole in vitro. Oral doses of 3-methylindole caused inter-
stitial pulmonary edema and emphysema in cattle and goats. Intravenous infusion
of this metabolite also induced pulmonary disease in cattle. These results demon-
strate than an end product of ruminal fermentation of tryptophan can induce acute

pulmonary disease in cattle and goats.

Acute bovine pulmonary emphysema
(ABPE) has been recognized as a nat-
urally occurring disease of cattle for
over 100 years (/). Despite substantial
research, the etiology of the disease
remains unknown. Qur investigations
have shown that oral doses of DL-tryp-
tophan 1(0.57 to 0.70 g per kilogram of
body weight) cause interstitial pulmo-
nary edema and emphysema in cattle
(2, 3). The onset, clinical signs, and
pulmonary lesions of the tryptophan-
induced disease are similar to those
seen in naturally occurring ABPE. Cat-
tle affected by the naturally occurring
or experimentally induced disease have
labored, irregular breathing with an
increased respiration rate; they often
die from interstitial pulmonary edema
and emphysema within 1 to 7 days
after exposure to inducing agents.
Necropsy reveals over-inflated lungs,
dark red in color and firmer than nor-
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mal; alveoli are edematous and rup-
tured, and there is proliferation of
alveolar epithelial cells with variable
infiltration of neutrophils or eosino-
phils (4, 35).

Only oral doses of DL-tryptophan are
effective in causing pulmonary disease
even though comparable increases in
tryptophan concentrations in plasma are
obtained after intraperitoneal injection
or intravenous infusion of tryptophan
(3). These results suggest that a product
of tryptophan fermentation in the ru-
men may be a causative factor in the
development of tryptophan-induced pul-
monary disease in cattle. Oral doses
of tryptophan do not cause pulmonary
disease in sheep (3, 5) or in goats (5).
The objective of our experiments was
to identify a product of ruminal tryp-
tophan fermentation that is capable of
causing pulmonary edema and emphy-
sema in cattle. Identification of this

metabolite may be significant in the
search for causative agents in pulmo-
nary disease of other species.

We tested the effect of p- and L-
tryptophan on the development of pul-
monary edema and emphysema in cat-
tle. Three steers given an oral dose of
D-tryptophan (0.4 g/kg) and one steer
given 0.35 g/kg orally did not develop
clinical signs of pulmonary disease. An
oral dose of L-tryptophan (0.35 g/kg)
caused pulmonary disease in two steers.
The results indicate that L-tryptophan
is the effective isomer, and we have
subsequently used L-tryptophan (0.35
g/kg) for experimental induction of

. pulmonary disease in cattle. Oral doses

of indoleacetic acid also cause pulmo-
nary disease in cattle (5). Three of six
cows developed clinical signs of pulmo-
nary disease, and two died after being
given an oral dose of indoleacetic acid
(0.6 g/kg).

Our experiments were designed to
identify the products of ruminal fer-
mentation of L-tryptophan, b-trypto-
phan, and indoleacetic acid. We incu-
bated these compounds (10 mg) in vitro
for 8 hours under anaerobic conditions
with strained rumen fluid (25 ml) ob-
tained from a fistulated steer fed only
hay. The p and L isomers of [14C]tryp-
tophan were isolated from bpL-[14C]-
tryptophan (uniformly labeled in the
benzene ring) by paper chromatog-
raphy according to the method of
Loh and Berg (6) except that N-butanol
was substituted for 2-pentanol in the
solvent system. The compounds L-[14C]-
tryptophan (0.55 uc), p-[1Cltryptophan
(0.35 wc), and [2-14Clindoleacetic acid
(1.0 uc) were added to the appropriate
flasks of rumen fluid. Fermentation
metabolites were separated by ion-ex-
change chromatography (7) and were
identified by thin layer chromatography
on silica gel plates with three solvent
systems: (i) isopropanol, ammonia, wa-
ter (20: 1 : 2), (ii) butanol, acetic acid,
water (12:3:5), and (iii) 6 percent
benzene/chloroform. Ehrlich reagent
(8) was used to locate the tryptophan
metabolites,

The chief product of L-tryptophan
fermentation was 3-methylindole (3MI);
indole and indoleacetic acid were also
detected as end products. p-Tryptophan
was not converted to any of these
metabolites under the experimental
conditions. Indoleacetic acid was also
converted to 3MI by the microorga-
nisms of the rumen. Indole was present
in control rumen fluid incubations
without added substrate. An Ehrlich-
positive metabolite, tentatively identi-
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fied as S5-hydroxy-3-methylindole, was
produced when 5-hydroxyindoleacetic
acid was wused as the substrate. The
results indicate that L-tryptophan and
indoleacetic acid are converted in vitro
to 3MI by microorganisms in the ru-
men,
We tested the ability of 3MI to in-
duce pulmonary edema and emphyse-
ma in cattle and goats. Oral doses of
3MI were given as a water slurry with
a stomach tube and hand pump. Ne-
cropsies were conducted on all animals.
Two goats given an oral dose of 3MI
(0.3 g/kg) in an early experiment died
as a result of diffuse pulmonary edema
at 36 and 54 hours after being given
the dose. The morning feed was with-
held before giving the same oral dose
to four additional goats. These goats
then developed clinical signs of pulmo-
nary disease within 4 hours, and they
died from severe pulmonary edema
between 5 and 11 hours after adminis-
tration of 3MI. No significant pulmo-
nary lesions were present in two con-
trol goats given an equal volume of
water. The earliest clinical signs of
pulmonary disease appeared between 6
and 12 hours after giving three cows
an oral dose of 3MI (0.2 g/kg). These
cows died from pulmonary edema and
emphysema at 33, 69, and 73 hours
after administration of 3MI. Two cows
given 3MI orally (0.1 g/kg) developed
clinical signs of pulmonary disease
within 12 to 24 hours; pulmonary le-
sions were present at necropsy 4 days
after administration of the dose. No sig-
nificant pulmonary lesions were present
in one control cow.

We gave 3MI (0.06 g/kg) to three
cows as 12-hour intravenous infusions.
The infusion solution consisted of 0.11

g of 3MI per milliliter of propylene -

glycol. Clinical signs of pulmonary dis-
ease appeared between 6 and 12 hours
after beginning the infusion in all cows,
and one cow died from pulmonary
edema and emphysema at 56 hours.
Pulmonary edema and emphysema were
present in the remaining two cows at
necropsy 3 days after the beginning of
infusion.  Propylene glycol infusion
caused no significant pulmonary lesions
in two control cows. Some hemolysis
and hematuria was noted in cows in-
fused with 3MI, but not in cows given
oral doses of 3MI. The results indicate
that 3MI can cause pulmonary edema
and emphysema in cattle and goats
when given either as a single oral dose
or as an intravenous infusion.

Oral doses of 3MI are more effective
in inducing pulmonary edema and em-
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physema in cattle than are oral trypto-
phan doses. Clinical signs of pulmo-
nary disease and death occur earlier
with 3MI, and with lower molar equiv-
alent doses, than with tryptophan. Also,
a lower intravenous dose of 3MI in-
duced more severe pulmonary disease
than did the lowest oral dose. These
results suggest that 3MI is the ruminal
metabolite of tryptophan responsible
for the development of pulmonary em-
physema and edema in cattle. Since
3MI can cause severe pulmonary
edema and emphysema when given in-
travenously, it is probable that it, or a

metabolite, acts directly on the lung to-

cause pulmonary disease. The ability
of 3MI and other indoles to disrupt
biological membranes is related to the
lipophilic properties of these com-
pounds (9). Aryl molecules, including
3MI and related indoles, hemolyze
erythrocytes and cause disintegration of
certain protozoa in the rumen (10).
When injected into rabbit knee joints,
3MI and related compounds such as
indole, 5-methylindole, S5-cyanoindole,
S-nitroindole, 5-bromoindole,” 1,2-di-
methylindole, and others can also cause
acute arthritis (9). Of these, 3MI and
5-bromoindole cause the most severe
lesions. The flesions include hyper-
trophy and proliferation of synovial
lining cells along with congestion and
edema of the synovial membrane.
These lesions resemble those induced
by intraarticular injections of strepto-
lysin S which ruptures lysosomes (Z1).

Aerosols of homogenized leukocytes
and papain have been used to experi-
mentally induce emphysema in dogs
and other animals; the lesions resemble
those in human pulmonary emphysema
(I2). A theory that pulmonary emphy-
sema results from the release of pro-
teolytic enzymes in the lung has been
proposed (12, 13) as follows: (i) the
deficiency of «;-globulin with trypsin-
inhibiting properties in serum of indi-
viduals susceptible to emphysema might
allow proteolytic destruction of pulmo-
nary cell membranes; (ii) adverse ef-
fects of noxious substances may cause
immobilization of leukocytes and deg-
radation of cellular membranes of leu-
kocytes, alveolar macrophages, or other
cells. : :

High doses of 3MI cause acute pul-
monary disease in cattle and goats;
since 3MI is capable of disrupting cel-
lular membranes, it is possible that the
presence of indole derivatives may be
involved in the etiology of pulmonary
emphysema in animals. The relation-
ship, if any, between experimentally in-

duced pulmonary edema and emphy-
sema in cattle and naturally occurring
pulmonary disease in humans is not
known, but substantial quantities of
3MI, indole, and other neutral indole
derivatives have been identified in cig-
arette smoke (14). Cigarette smoke resi-
due is also toxic to ciliated protozoa
and results in degradation of internal
mitochondrial membranes, loss of cil-
iary activity, and cell death (I5). These
findings, along with our experimental
results, raise the question of whether
cronic forms of human pulmonary em-
physema could result from long-term
exposure to the neutral indole deriva-
tives present in cigarette smoke.
J. R. CArLsON

M. T. Yokoyama

E. O. DiCKINSON
Departments of Animal Sciences and
Veterinary Pathology, Washington
State University, Pullman 99163

References and Notes

1. L. R. Maki, Proc. Symp. Acute Bovine Pul-
monary Emphysema (Univ. of Wyoming,
Laramie, 1963), p. 1.

2. R. J. Johnson and I. A. Dyer, Life Sci. §,
1121 (1966); E. O. Dickinson, Bull. Pathol.
8, 73 (1967); , G. R. Spencer, J. R.
Gorham, Vet. Rec. 80, 487 (1967).

. J. R. Carlson, I. A. Dyer, R. J. Johnson,
Amer. J. Vet. Res. 29, 1983 (1968).

. F. W. Schofield, J. Amer. Vet. Med. Ass.
112, 254 (1948); J. E. Moulton, C. E. Cor-
nelius, B. I. Osburn, ibid. 142, 133 (1963).

5. E. O. Dickinson, thesis, Washington State
University (1970).

. H. H. L. Loh and C. P. Berg, J. Nutr. 101,
465 (1971); bpL-[“Cltryptophan, uniformly

labeled on the benzene ring, was purchased
from Amersham/Searle.

7. M. Bakri and J. R. Carlson, Anal. Biochem.
34, 46 (1970).

8. J. B. Jepson, in Chromatographic and Elec-
trophoretic Techniques, 1. Smith, Ed. (Inter-
science, New York, 1960), vol. 1, p. 186.

.-K. S. Rogers, J. C. Forbes, I. Nakoneczna,
Proc. Soc. Exp. Biol. Med. 131, 610 (1969);

I. Nakoneczna, J. C. Forbes, K. S. Rogers,
Amer. J. Pathol. 57, 523 (1969).

10. K. S. Rogers, Proc. Soc. Exp. Biol. Med. 130,
1140 (1969); J. M. Eadie and A. E. Oxford,
Nature 174, 973 (1954).

11. G. Weissmann, I. Spilberg, K. Xrakauer,
Arthritis Rheum. 12, 103 (1969); G. Weiss-
mann, B. Becker, G. Wiedermann, A, W.
Bernheimer, Amer. J. Pathol. 46, 129 (1965).

12. V. Marco, B. Mass, D. R. Meranze, G.
Weinbaum, P. Kimbel, Amer. Rev. Resp. Dis.
104, 595 (1971); W. G. Johanson, Jr., A. K.
Pierce, R. C. Reynolds, J. Lab. Clin. Med.
78, 599 (1971); P. Gross, E. Pfitzer, E.
Tolker, M. A. Babyak, M. Kaschak, Arch.
Environ. Health 11, 50 (1965); V. Marco,
D. R. Meranze, L. G. Bentivoglio, P. Kimbel,
Fed. Proc. 28, 526 (1969).

13. S. Eriksson, Acta Med. Scand. 175, 197
(1964); C. A. Guenter, M. H. Welch, J. F.
Hammarsten, Ann. Rev. Med. 22, 283 (1971);
F. Kueppers and A. G. Bearn, Proc. Soc.
Exp. Biol. Med. 121, 1207 (1966).

14, E. L. Wynder and D. Hoffmann, Tobacco
and Tobacco Smoke (Academic Press, New
York, 1967), pp. 374-379.

15. J. R. Kennedy and A. M. Elliott, Science
168, 1097 (1970).

16. Scientific paper No. 3800, College of ‘Agri-
culture, Washington State University, Proj-
ects 1893,.1899, and 2011. Supported in part
by NIH grant HL13645. We thank Dr. I. A.
Dyer for constructive suggestions and advice
during the course of these studies, and B.
Bradley for technical assistance.

27 December 1971; revised 22 February 1972

W

[=2}

N4

299



