Synergism between a Lactate Dehydrogenase—Elevating

Virus and Eperythrozoon coccoides

Abstract. An interaction occurs when a lactate dehydrogenase—elevating virus
and Eperythrozoon coccoides are present together in the mouse host. The
synergism is expressed by a substantial increase in plasma lactate dehydrogenase,
spleen enlargement, host anemia, and quantitative alteration of several blood

elements.

A classical example of synergism be-
tween two biological entities is that
described by Shope for swine influenza,
where both virus and bacteria are re-
quired for the host to exhibit the acute
disease. Infection by either of the con-
tagious agents alone was shown to be
relatively harmless (7). Influenza pan-
demics occurring before the advent of
antibiotics, such as that of 1918-19
which caused such a high human mor-
tality, probably represent another ex-
ample of the synergistic potential of
viruses and bacteria when jointly in-
fecting an organism (2).

Attention has been directed recently
to another biological synergism in the
form of a virus-virus interaction—pre-
sumably at the nucleic acid level.
According to Rubin (3), the Rous sar-
coma virus is defective and requires an
additional “helper virus” to fulfill all of
the essential synthetic requirements for
its maturation. The presence of this sec-
ond Rous associated virus determines
whether the carcinogenic Rous sarcoma
virus is infectious or not.

Another transferable factor, of un-
known nature, appears to make it pos-
sible for a given virus to overcome
species barriers. Specifically, according
to Stewart (4), when such a factor is
combined with the Bryan strain of the
Rous sarcoma virus, the latter acquires
the new ability to induce tumors in
species other than the chicken. The pos-
sible significance of such potentiating
biological combinations is emphasized
by the reported ability of one chicken
tumor virus strain to induce tumors in
a primate (5).

This report describes another in vivo
interaction, probably of a metabolic
type, occurring between a virus and
Eperythrozoon coccoides. The virus is
a lactate dehydrogenase—elevating agent
associated with many transplanted
mouse tumors, presumably as a harm-
less non-oncogenic resident (6). Eperyth-
rozoon coccoides is a Bartonella-like
organism, of uncertain classification,
which is frequently present in rodents,
causing a low-grade or latent infection,
but capable under some circumstances

13 NOVEMBER 1964

of inducing destruction of erythrocytes
and a consequent severe anemia (7).
Figure 1 illustrates the most con-
spicuous aspect of this biological syner-
gism, namely a substantial peak increase
in the activity or concentration of a
common plasma enzyme, lactate dehy-
drogenase (LDH). The relatively low
normal concentration of this enzyme in
the plasma is shown by curve D near
the base line of the chart. The virus

alone induces a permanent increase in
plasma LDH of five- to tenfold above
normal values (8) as illustrated by
curve C and by Table 1. A high con-
centration of E. coccoides can induce a
temporary increase of LDH in the plas-
ma under proper circumstances, but the
enzyme activity invariably returns to
an essentially normal level (9) (curve
B).

When the two infectious agents are
injected simultaneously into a normal
mouse, a synergistic increase in plasma
LDH activity, several times higher than
that produced by either agent alone, is
observed. Curve A4 indicates the mag-
nitude and the time relations of this
effect. At its peak, LDH activity is about
200-fold higher than that of normal
mouse plasma.

The data for this figure were obtained
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Fig. 1. Synergistic interaction occurring between an LDH-elevating virus and Eperyth-
rozoon coccoides (EC) after injection of both agents into Swiss ICR mice. The
LDH-elevating agent was injected intraperitoneally as a 0.1 ml dose of diluted plasma
containing 107 infectious units per milliliter; E. coccoides was injected intraperitoneally
as 0.1 ml of infected whole blood. A high-titer preparation was obtained by repeated
48-hour passage of whole blood from an infected mouse.
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from splenectomized mice, in which the
effect is more dramatic than in normal
animals. However, the same phenom-
enon may be observed in nonsplenec-
tomized animals, although the peak
LDH concentrations are less. Splenec-
tomy activates latent E. coccoides infec-
tions, or permits a new inoculation to
induce a more virulent destructive effect
on the host red cells (70). It is pre-
sumed that the absence of the spleen
permits the eperythrozoa to reach a
higher titer, which is responsible for the
more severe effects of the disease. The
presence of the LDH-elevating virus
also appears to assist this organism to
increase in titer (Table 1).

The mechanism of the enzyme in-
crease, which results from the dual in-
fection, is not fully understood. How-
ever, erythrocytes constitute a logical
source of LDH, since they have a high
internal concentration of this enzyme
and are apparently disrupted during
the synergistic disease process. It is per-
haps instructive that there is a quantita-
tive inconsistency between the degree of
anemia produced and the concomitant
plasma LDH observed in the three
experimental groups (Table 1).

Other data (77) indicate that the
LDH-elevating virus reduces the effici-
ency of the host’s enzyme-clearance
system. This observation, together with
the increased enzyme influx associated
with the LDH-elevating virus and
E. coccoides, is adequate to account for
the nonadditive enzyme increase ob-
served with the dual infection. For ex-

ample, the synergistic phenomenon can
be simulated by the injection of equal
doses of exogenous enzyme into both
normal and virus-infected mice. This is
comparable to the extra endogenous en-
zyme surge which is known to occur
during destruction of red cells by either
infection with E. coccoides or adminis-
tration of phenylhydrazine (9, 12).
Since the time required for removal of
the enzyme in the virus-infected host is
approximately double that required in
the uninfected animal, the excess LDH
accumulates temporarily in the infected
plasma, whereas it is rapidly removed
from the peripheral blood of virus-free
animals.

The data in Tables 1 and 2 indicate
that the synergistic effect of the two
agents is not restricted to the elevation
of plasma enzymes. There is evidence
that the titer of both infectious entities
may be increased when they are present
in combination, and this in turn may
be responsible for the alteration of the
other parameters in the host. With a
combination of the two agents, a reduc-
tion in the volume of packed red
cells (hematocrit) was observed, along
with a corresponding decrease in the
number of erythrocytes. The number of
white cells, however, increased when
the animals were infected with both
agents; this reflected an absolute as well
as a relative neutrophilia. The monocyte
population also increased. Comparative
values for the various blood elements
are given in Table 1.

Table 2 shows the effects of the com-

Table 1. Comparison of various blood components of non-splenectomized mice challenged with
an LDH-elevating virus, with Eperythrozoon coccoides (EC), and with both.

Determination® clz\(l;r)\rtrr?ﬁ; Virus EC Egrir;d
Plasma LDHY 300 3300 1100 10,200
LDH-agent titer} 1085 1008
EC titer§ -) -) T(+) 11(+)
Packed RBC (% hematocrit) 57 52 45 37
RBC count (10%)]] 19 72 71 6.0
Reticulocytes (%) 2.8 2.6 5.2 5.0
WBC count (10%) 8.4 8.6 12.4 21.2
Lymphocytes (%) 80 72 58 47
Lymphocytes (10%) 1.5 6.2 7.2 99
Segmented neutrophils (%) 19 26 39 49
Segmented neutrophils (10%) 1.8 2.3 4.8 10.4
Relative monocytes (%) 1.6 1.6 3.4 32
Monocytes (cells/mm?) 150 140 420 680

* All determinations were made on day 3 with the exception of those for reticulocytes which were
made on day 7, and those for RBC’s which were made on day 4. + Plasma LDH determined
spectrophotometrically at 340 myu with NADH, (DPNH) (reduced nicotinamide adenine dinucleotide)
and pyruvate at pH 7.4. Values are expressed in conventional Wroblewski units, which equal optical
density reduction of 0.001 per minute per milliliter of plasma and may be converted to International
Units by dividing by 2 (9). + LDH-agent titers were determined by end-point titration and are
expressed as the infective dose (IDg)) per milliliter of plasma according to the Reed and Muench
calculations. The reciprocal of dilution is employed to give number of infectious units per milliliter.
§ Titer of E. coccoides is expressed as relative particle concentration seen microscopically on Giemsa-
stained slides. || All absolute blood cell counts are expressed as cells per mm?® multiplied by the
factor indicated.
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Table 2. Comparison of weights of spleen,
nodes, and carcass of mice injected with an
LDH-elevating virus, with Eperythrozoon coc-
coides, and with both. All determinations were
made on day 7.

Spleen Nodes Carcass
Wt. Rel. wt.  Wt.  Rel. wt. Wt.
(mg)  (mg/g) (mg) (mg/g) (g)

Normal controls

150 4.5 88 2.7 33
Agent only

150 5.0 110 34 32

EC only

370 11.6 133 4.2 32
EC + agent

560 17.5 134 42 32

bined agents on the spleen and the
lymph nodes as compared with the
alterations caused by either agent alone.
Although no synergistic effect was seen
in respect to axillary and inguinal
lymph node enlargement, a substantial
increase in spleen weight was observed
in mice in which the two infectious
elements were present simultaneously.

In ‘addition to the demonstration of
synergistic biochemical and physiologi-
cal responses in a mammalian host,
these observations may have some prac-
tical value for investigators working
with murine hosts or with their tumor
preparations, since the transmissible fac-
tors described are widely distributed
among rodents, and particularly in asso-
ciation with transplanted mouse tumors
(12).

In relation to the various synergisms
cited, Niven ef al. (13) observed that a
fatal hepatitis was produced when E.
coccoides was present with mouse hepa-
titis virus. These several observations
raise the question of what other syner-
gistic relations may exist between vari-
ous infectious entities with possible im-
portant biological or clinical conse-
quences.

VERNON RILEY
Sloan-Kettering Institute for
Cancer Research, Rye, New York

References and Notes

1. R. E. Shope, ‘“The influenzas of swine and
man,” Harvey Lectures, Ser. 31, 183 (1936).

2. T. Francis, Jr., in Viral and Rickettsial Infec-
tions of Man, T. M. Rivers and F. L. Hors-
fall, Eds. (Lippincott,
1959), pp. 634, 637, 638, 648.

3. H. Rubin and P. K. Vogt, Virology 17, 184
(1962).

4. S. E. Stewart, in Perspectives in Virology,
A. M. Pollard, Ed. (Rutgers Univ. Inst. of
Microbiology, Gustav Stern Symposium, Feb.
1964), vol. 4.

5. J. S. Munroe and W. F. Windle, Science 140,
1415 (1963).

6. V. Riley, F. Lilly, E. Huerto, D. Bardell,
ibid. 132, 545 (1960).

Philadelphia, ed. 3,

SCIENCE, VOL. 146



7. A. Lwoff and M. Vaucel, Compt. Rend. Soc.
Biol. 103, 973 (1930).

8. V. Riley, Ann. N.Y. Acad. Sci.
(1963).

100, 762

. , J. D. Loveless, M. A. Fitzmaurice,
Proc. Soc. Exptl. Biol. Med. 116, 486 (1964).

10. J. Marmorston, J. Infect. Diseases 56, 142
(1935).

11. V. Riley, in preparation.

12, , N.Y. State J. Med. 63, 1523 (1963).

=+ J. S. F. Niven, A. W. Gledhill, G. W. A.
Dick, C. H. Andrews, Lancet 2, 1061 (1952).

14. Supported in part by USPHS research grant
CA-03192 from the National Cancer Institute.
The support and counsel of C. Chester Stock
is acknowledged. Thanks are due my labora-
tory colleagues, j. D. Loveless, M. A. Fitz-
maurice, J. M. Higgins, N. Prichard, P. Wade,
and V. Grande, for valuable assistance.

11 September 1964 ™

Phosphorus Excretion and Body Size in Marine Animals:

Microzooplankton and Nutrient Regeneration

Abstract. In marine animals the rate of excretion of dissolved phosphorus per
unit weight increases as body weight decreases. As a consequence microzoo-
plankton may play a major role in planktonic nutrient regeneration.

Animal excretions are a major
source of plant nutrients in the sea
(I). The animals most often studied
in this regard are those captured in
plankton nets. The smaller species
which are not retained by plankton
nets, the microzooplankton, are often
overlooked by marine ecologists, and
their role in nutrient cycles has never
been evaluated.

Examinations of unfiltered water
samples reveal that microzooplank-
ton may often constitute a consider-
able fraction of the total animal bio-
mass. Lohmann (2), for example,
found that protozoa and very small
metazoa, including Rotifera, copepod
eggs, and certain invertebrate larvae,
constituted an annual average of over
50 percent of the total zooplankton
biomass in the waters off Kiel. A num-
ber of investigators have described the
abundance of colorless flagellates (3)
and ciliates (4) in the plankton.

It is well known that the smaller
the animal the greater the metabolic
rate per unit weight. The rate of nu-
trient excretion of microzooplankton
should therefore be higher than that
of net zooplankton per unit weight.
Accordingly, it seemed worthwhile to
attempt to evaluate the relative impor-
tance of animals of different sizes in
the production of dissolved phos-
phorus.

For marine animals larger than 1
mg (dry weight), phosphorus excre-
tion rates were determined by mea-
suring spectrophotometrically the to-
tal phosphorus content of the animals
and their soluble excretions (5). Ex-
cretion rates of animals weighing less
than 1 mg were determined with the
radioisotope P* (6). Excretion rates
are reported here as the time it takes
an animal to release an amount of dis-
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solved phosphorus equal to its total
phosphorus content. This will be re-
ferred to as the body-equivalent ex-
cretion time (BEET).

A marked decrease in the body-
equivalent excretion time (Fig. 1) is
associated with decreasing animal size.
The method of least squares leads to
the following linear regression equa-
tions: For the upper line, log BEET
(hours) is equal to 0.67 log dry
weight (g) plus 3.2 (r = 0.96). For
the lower line, log BEET = 0.33 log
dry weight plus 2.6 (» = 0.98). Both
correlations and the difference between
the two slopes are significant at the
1 percent level. An analysis of the
phosphorus excretion rates of 24 lots
of differently sized (0.05 to 0.1 g with-
out shells) mussels, Modiolus demis-
sus (7), produced the regression equa-
tion: log BEET = 0.51 log dry weight
plus 3.5 (r = 0.53). There was no
significant difference between the slope
of this regression line and the upper
line in Fig. 1.

Whereas a 12-g lamellibranch re-
leased an amount of phosphorus equal
to its total phosphorus content every
438 days, the body-equivalent excre-
tion time of a 0.6-mg amphipod was
31 hours, and that of an 0.4 X 107 pg
ciliate was 14 minutes. Excretion-time
of an animal the size of a 1-,° phag-
otrophic microflagellate is estimated
to be about 2 minutes (7), based on
extrapolation of the lower regression
line in Fig. 1 (8). It is difficult, if
not impossible, to determine the excre-
tion rates of these fragile forms di-
rectly.

When the data used in Fig. 1 were
compared with data on oxygen con-
sumption as related to body weight
in marine animals (9) it was found
that the ratio of oxygen consumed to

phosphorus excreted decreases marked-
ly with decreasing animal size. An ani-
mal weighing 1 ug releases approxi-
mately 50 times as much phosphorus
per unit weight as a 100-mg animal,
while the smaller animal consumes
only 5 to 8 times as much oxygen
per unit weight. Two other workers
(10) have likewise noted that the
“Q/P ratio” was significantly lower for
mixed zooplankton species than for sev-
eral larger benthic invertebrates. The
explanation of the marked lack of
parallelism between these two physio-
logical processes deserves investigation.

A recent example serves to demon-
strate the importance of considering size
distribution of fauna when computing
excretion rates of faunal communities.
Rigler (/1) calculated the rate of re-
lease of dissolved phosphorus for lake
zooplankton, assuming that rotifers ex-
crete the same amount of phosphorus
per unit weight as cladocerans 1000
times heavier. He acknowledged the
possibility of error arising from this as-
sumption. My results suggest that this
error is indeed significant. On the basis
of the lower regression line in Fig. 1
the rotifers would be expected to ex-
crete dissolved phosphorus about ten
times as fast as the cladocerans per
unit weight.

Figure 1 can be used to demonstrate
the relative importance of microzoo-
plankton and macrozooplankton for
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Fig. 1. Relation between body-equivalent
excretion time of dissolved phosphorus and
body weight of marine animals. 1, Tridacna
crocea; 2, Penaeus setiferus; 3, Crassostrea
virginica; 4, Modiolus demissus; 5, Uca
pugnax; 6, Salpa fusiformis; 7, Littorina
irrorata; 8, Lembos intermedius; 9, Artemia
salina (nauplii); 10, Euplotes crassus; 11,
Euplotes trisulcatus; 12, Euplotes vannus;
13, Uronema sp.(?); 14, hypothetical
1-4* (2.5 X 107" ug dry wt.) phagotrophic
flagellate.
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