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The snowshoe hare (Lepus americanus) could be infected with western equine
encephalomyelitis (WEE) virus and produce a viremia. Furthermore, viremia in
hares exposed to variable climatic conditions differed significantly from viremias
seen in the control animals held at constant temperatures. The viremia duration
and titer were increased in animals subjected to fluctuating temperature and
humidity. The time of onset of viremia was accelerated. Antibody response also
increased in animals exposed to varying temperatures when compared with
controls held at constant temperature and humidity. Snowshoe hares were
studied at two distinct seasonal periods: winter, before reproductive activity; and
summer, during reproductive midseason. Winter animals experienced greater
viremia than did summer hares when exposed to fluctuating temperatures,
suggesting a seasonality in the hare's susceptibility to host modification by
environmental influences. These findings implicate the snowshoe hare as a
possible mammalian amplifying host for WEE virus in the boreal forest.

Westem equine encephalomyelitis (WEE)
virus is an agent of significant public health
importance, the epizootiology of which is not
yet completely understood. Throughout most of
its range, the virus is believed to be maintained
in a sylvan cycle between mosquitoes and birds
(15). In the boreal forest, however, there is no
known vector for WEE virus and the role that
small mammals play in the ecology of this virus
is unstudied.

It was previously believed that small mam-
mals were not important in the epizootiology of
WEE (11, 15). However, during the course of a
long-term population study in the boreal forest
near Rochester, Alberta, Canada, neutralizing
antibody to WEE virus has been detected on
several occasions in the snowshoe hare (7). On
two occasions, epizootics ofWEE swept through
that hare population several months prior to
epidemics in human beings and horses in the
transitional aspen parkland area 100 miles
south of Rochester (8, 22). Serological studies
indicate that snowshoe hares in Alberta have
been infected in the field (23). Demonstration of
the presence of neutralizing antibodies, how-
ever, does not prove that this species responds
to infection by the development of viremia
adequate for the infection of arthropod vectors.

Vertebrate host response to viral infection has
been studied with both domestic and captive
wild animals by artificially infecting them in
the laboratory and monitoring viremia and
antibody production. These are traditional pro-

cedures for establishing epidemiological rela-
tionships between host and parasite. It has been
assumed that such relationships are not signifi-
cantly altered by the laboratory milieu, and that
the course of infection under experimental and
natural conditions is essentially the same. Con-
sequently, relatively little consideration has
been given to the role the environment plays in
modifying the response of a vertebrate host to a
replicating virus. In these studies, the effect of
environmental modification of a naturally oc-
curring host-virus relationship was investi-
gated.
This investigation employed the snowshoe

hare to determine whether it could develop a
viremia great enough to serve as a source of
infectious blood meals for susceptible arthro-
pods. Since changes in viremia levels would
alter the ability of an infected animal to serve as
a potential amplifying host for the acquisition of
virus for transmission by mosquito vectors, we
also examined the effect temperature-humidity
fluctuations, acting as environmental stressors,
had on the levels of circulating virus and
antibody in WEE virus-infected snowshoe
hares.
This communication reports the results of our

experiments.

MATERIALS AND METHODS
Experimental animals. Snowshoe hares from the

area of Rochester, Alberta (540 north latitude), were
trapped, tagged, shipped to Madison, and held in a
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quarantine facility at Charmany Farm. Hares were
housed individually in cages (84 by 38 by 61 cm), fed a
specially made rabbit ration (University of Wisconsin
feedmills), and watered ad libitum. Animals were
bled for serological studies from the central ear artery
using 5-ml plastic syringes equipped with 23-gauge
needles. Serum was aseptically collected and stored in
1-dram vials at -25 C. The BHK-21 microneutraliza-
tion test (13) was employed for antibody assay.

Cell cultures and media. BHK-21 cells (clone 13)
adapted to fetal bovine serum, originally obtained
from the Department of Virology, U.S. Army Medical
Component, SEATO, Bangkok, Thailand, were grown
in 32-oz (about 0.946 liters) glass prescription bottles
in 30 ml of medium. Growth medium for cell cultures
consisted of medium 199 in Hanks balanced salt
solution without sodium bicarbonate (GIBCO, Grand
Island, N.Y.), 5% fetal bovine serum heated at 56 C
for 30 min, and antibiotics giving a final concentration
of 200 U of potassium penicillin G per ml and 200 Ag
of streptomycin sulfate per ml, adjusted to a pH of
7.2. Outgrowth medium for use in the microneutraliza-
tion test was similar to the above except that 10%
fetal bovine serum was used and the final pH was ad-
justed to 7.5. All pH adjustments were accomplished
using either 0.1 N HCl or 7.5% NaHCO3.

Virus. WEE virus employed in experimental inoc-
ulation was a lyophilized stock of the Fleming isolate
from a fatal human case in California. Seed virus was

supplied by the Center for Disease Control with a

recorded history of ten passages in mice and two
passages in eggs. The wet-stock virus used in the
microneutralization test was of the same origin with a

history of 11 mouse passages and was stored as a 10%
solution of growth medium containing 10% fetal
bovine serum in a mechanical freezer at -65 C.

Host modification experiments. Two experiments
were performed at two distinct periods of the year.
Snowshoe hares inoculated in February 1973 (winter
study) were reproductively inactive. Those inoculated
in June 1973 (summer study) were reproductively
active. Prior to each experiment, hares were segre-
gated into two groups, experimental and control.
Animals were evenly distributed among groups by age
and sex. All experimental group animals were exposed
to fluctuating temperature (range, -10 to 25 C) and
humidity (range, 70 to 80% relative humidity). Con-
trol animals for these studies were held at 10 C and
50% relative humidity. The fluctuating-temperature
program was based on actual weather data gathered
at the station in Athabasca, Alberta, near the Roch-
ester research site.

All host modification experiments were performed
in the University of Wisconsin Biotron, a controlled-
environment facility. Experimental and control
snowshoe hares were individually caged in two sepa-
rate but identical rooms (2.6 by 3.7 m), where
temperature, humidity, and photoperiod were con-
trolled within narrow limits by a central computer.
Prior to inoculation, all animals were acclimated for 6
days to a cyclical daily high (15.5 C) and then a low
(4.5 C) temperature at a constant 50% relative hu-
midity. Within 12 h after the termination of the
acclimation sequence and the beginning of the experi-
mental environmental temperature regimen,
snowshoe hares were inoculated subcutaneously with

a 2-ml suspension of virus described below for each
experiment.

All animals were bled from the central ear artery for
6 days at 24-h intervals for titration of antibody and
circulating virus. For viremia titrations, 1 ml of fresh
whole blood was placed in a 1-dram vial, capped,
sealed with Parafilm (American Can Co., Neenah,
Wis.), and quick frozen in an alcohol/dry-ice bath.
The remaining blood was allowed to clot for serum
extraction. After the initial 6-day period, blood was
taken for serum samples only on the following sched-
ule: every other day for week 2, every third day for
week 3, once in week 4, and once in the following
month. Viremia was quantified by intracerebral inoc-
ulation in 3- to 4-day-old suckling mice, using the Reed
and Muench end-point determination method (14).
Unless otherwise stated, all viremia titers were ex-
pressed as log10 of the virus dilution. Antibody
titration was performed on serial twofold dilutions of
sera made from the initial 1:2 dilution and tested
against 100 mean tissue culture lethal doses of virus.
End points for serum titration were read microscopi-
cally as the highest serum dilution which prevented
cytopathic effect.

Statistical analysis. Differences in viremia ampli-
tude and duration and antibody response were tested
for significance by the simple, unpaired, one-tailed
Student's t test. Although animals were evenly dis-
tributed as to age and sex, this was not a pairing. The
one-tailed test of significance was used since a one-
directional deviation could be reasonably expected
from the literature. Differences in the time of onset of
viremia between groups were tested for significance in
a contingency table (2 by 2) (18). Significance of this
test was computed with one-tailed z values at the 0.05
level.

Antibody analysis was based on geometric mean
log2 titers.

RESULTS
Effect of temperature-humidity fluctuation

on viremia. (i) Winter study. A total of 14
snowshoe hares was inoculated with 7.0 x 10'
mean suckling mouse lethal doses of WEE
virus. All seven experimental hares and six of
seven controls developed a demonstrable vi-
remia. The mean viremia titers of experimental
hares on days 1, 2, and 3 (2.54, 4.65, 3.17) were
significantly higher (P < 0.05) than those of
controls (1.40, 2.93, 2.53) (Table 1). Control
hare 64 was not included in these calculations
because it developed no demonstrable viremia
during the 5-day period of observation. Day 4
viremias were found not to be significantly
different because of the small number of ani-
mals having a persistent viremia.
The differences in viremia duration and time

of onset between the two groups were also tested
for significance. Duration was calculated as the
total days of viremia in each group divided by
the number of animals in that group which
developed a demonstrable viremia during the
5-day observation period. The difference, 3.57
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days (experimental) compared with 2.51 days
(control), was significant at P < 0.01. Time of
viremia onset was compared in a contingency
table (2 by 2) as described. All of the experi-
mental hares developed detectable viremia on
day 1, whereas only half (three of six) of the
controls did so. This difference was significant
at P < 0.05.

(ii) Summer study. All six experimental and
six control animals inoculated with 3 x 105
mean suckling mouse lethal doses of WEE virus
responded with viremia. Mean viremia titers for
experimental and control hares for days 1, 2,
and 3 post-inoculation were 1.8, 3.2, 2.7 and 1.0,
3.1, 1.5. These differences were not significant
at P < 0.05 (Table 2). Viremia duration and on-
set were compared as previously described. Vi-
remia lasted 3.2 days in experimental hares and
2.2 days in controls. This difference of 1.0 days
was highly significant at P < 0.001. On day 1
post-inoculation, four of five experimental hares
developed detectable viremia, whereas only two
of five controls did. These differences were not
significant at P < 0.05.

Effect of temperature-humidity fluctuation
TABLE 1. Mean viremia titer of snowshoe hares

inoculated with 7 x 104 mean suckling mouse lethal
doses of WEE virus at fluctuating low mean or

constant low temperatures (winter study)

Days post- Temperature groupa Level of
inoculation Low fluctuating Low constant significanceb

1 2.54 + 0.37 1.40 ± 1.54 0.05
2 4.65 + 0.83 2.93 ± 1.81 0.05
3 3.17 + 0.48 2.53 ± 0.35 0.05
4 1.00 + 1.25 0.36 0.89 NS

aTiter expressed as the log10 per milliliter + the
standard error.

bCalculated as one-tailed Student's t test. NS, Not
significant (P < 0.05).

TABLE 2. Mean viremia titera of snowshoe hares
inoculated with 3 x 105 mean suckling mouse lethal

doses of WEE virus at fluctuating low mean or
constant low temperatures (summer study)

Temperature group
Days post- Level of
inoculation significance0

Low fluctuating Low constant

1 1.8 1.0 1.0 1.3 NS
2 3.2 0.9 3.1 0.7 NS
3 2.7 0.3 1.5 1.4 NS
4 0.9 1.3 0.4 0.9 NS

a Titer expressed as the log,0 per milliliter ±
standard error.

bCalculated as one-tailed Student's t test. NS, Not
significant (P > 0.05).

on antibody. (i) Winter study. All experimen-
tal and six of seven control hares responded
with at least a fourfold increase in antibody titer
against WEE virus. Above this level, responses
were highly varied and were reflected in a large
standard error (Table 3). Comparison of log2
geometric mean titers showed experimental
hares had significantly higher antibody titers
than did controls.

(ii) Summer study. All surviving experimen-
tal hares (three of five) and four of five controls
developed fourfold increases in antibody titer.
Antibody to WEE virus appeared on day 4 and
rose slightly on days 5 and 6. On day 6, this
study was terminated and all surviving hares
were removed to the animal holding facilities at
Charmany Farm. On day 14, these animals were
bled. Comparison of log2 geometric titers
showed no difference between experimental and
control hares (Table 4).

DISCUSSION
Our investigation showed that snowshoe

hares could be infected with WEE virus, devel-
oped transient viremias, and produced neutral-
izing antibodies. This is the first report ofWEE
virus infection with viremia in the snowshoe
hare. In addition, the results indicate that the
responses of the snowshoe hares to WEE virus
infection are not static with respect to either
season or environmental conditions. When ex-
posed to fluctuating low mean temperatures,
these animals exhibited changes in viremia and
antibody compared with controls held at con-
stant temperature. To our knowledge, this is the
first report of environmental modification of the
response of a non-hibernating wild mammalian
host after infection by a togavirus.
We did not investigate the possible mech-

anisms underlying the observed viremia and
antibody changes. Perhaps the most likely ex-
planation is the concept of stress response of
mammals (16) and the effects that stress and
corticoids have been shown to have as im-
munosuppressants (1, 5, 6, 17, 20) and on
nonimmune (nonspecific) defense systems (10),
including reduction of interferon production (3,
4, 9).

Antibody titers of winter study experimental
hares were observed to be significantly higher
than those of controls. There are three possible
interpretations of this observation: (i) fluctuat-
ing temperature stress induced enhancement of
the immune response in experimental hares; (ii)
exposure to constant temperature caused
depression of the immune response in control
hares; (iii) the different temperature regimen
had little effect on the immune response, and
differences observed in antibody titers reflected
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TABLE 3. Comparison of mean antibody titersa of
snowshoe hares inoculated with 7 x 104 mean suckling
mouse lethal doses of WEE virus at fluctuating and

constant low mean temperatures (winter study)

Days post Temperature group" Lvel of
inoculation Low fluctuating Low constant canceb

4 1.58 + 1.42 1.21 + 1.39 NS
6 6.90 ± 2.10 2.70 ± 1.61 0.05
8 12.95 + 2.85 2.92 ± 1.49 0.01
10 17.60 ± 4.70 3.86 + 1.66 NS
14 49.80 ± 5.62 7.25 ± 2.16 0.05
17 300.00 + 7.06 13.24 i 2.27 0.01
21 300.00 + 8.18 13.24 ± 3.71 0.02
28 259.00 i 4.56 17.7 ± 4.50 0.02
41 310.00 2.22 11.4 + 1.92 0.001

a Reciprocal of twofold dilution end point (4 stan-
dard error) in microneutralization test.

"Calculated using Student's one-tailed t test and
geometric mean titers. NS, Not significant (P >
0.05).

TABLE 4. Comparison of mean antibody titersa of
snowshoe hares inoculated with 3.0 x 10" mean
suckling mouse lethal doses of WEE virus at

fluctuating low and constant temperatures (summer
study).

Days post- Temperature group Level of
inoculation Low fluctuating Low constant significance"

5 4.0 2.6 2.8 1.4 NS
6 5.3 + 2.4 5.3 2.8 NS
14 465 10.0 64 5.9 NS

a Reciprocal of twofold dilution end point (+ stan-
dard error) in microneutralization test.

bCalculated using Student's one-tailed t test and
geometric mean titers. NS, Not significant (P >
0.05).

the levels of viremia which were in turn indica-
tive of antigenic mass.
--Although stress-induced enhancement of
antibody production has been postulated, such
a phenomenon has been largely discredited.
Neither appearance nor titer of antibody elic-
ited in stressed or control mice infected with
vesicular stomatitis virus differed (21). Our
observation of increased viremia under condi-
tions of fluctuating temperatures does not ap-
pear to be consistent with the hypothesis that
these same conditions enhance the immune
response. Nor does the hypothesis that constant
temperatures suppress the immune response
seem likely. Exposures to constant cold temper-
ature did not alter the immune response of mice
(2) or rabbits (12).
The most likely interpretation of the antibody

data presented here is that fluctuating tempera-

ture stress has little effect on the antibody-pro-
ducing system of snowshoe hares infected with
WEE virus. In our study, the significantly
greater antibody titers in experimental hares
closely paralleled the significantly greater vi-
remia in this group compared to controls. In
summer study hares, no difference between
experimental and control group antibody titers
was associated with no difference between
group viremia titers.
A comparison of winter and summer study

experimental group viremia data suggests that
animals were more susceptible to stress plus
infection earlier in the year than later. This
difference in host modification by environmen-
tal influences cannot be explained by season
alone, since winter and summer studies showed
similar viremia response under constant tem-
peratures. Similar seasonal phenomena have
been observed in laboratory hamsters (19).
These animals showed a greater susceptibility
to stress plus infection with poliomyelitis virus
in February than in either May or September.
These differences appeared to be correlated
with adrenal cortical activity, although further
investigation in this area is needed.

In this study, the more natural condition of
variable climatic conditions must be considered
more stressful than the artificial laboratory or
control situation of static temperature and
humidity. One implication of these findings is
that in laboratory studies designed to test
host-pathogen relationships among wild spe-
cies, erroneous conclusions may be reached if
the results of such studies are extrapolated to
the field condition without considering environ-
mental effects.
That the snowshoe hare may be a host of

WEE virus in the wild is consistent with two
epidemiological studies made during the last
decade. Between the period April to June 1963,
and again in 1965, epizootics of WEE swept
through the hare population in the boreal forest
around Rochester, Alberta (23). Within these
3-month periods, neutralizing antibody preva-
lence in captured hares rose from less than 10%
to greater than 90% for WEE virus. After June,
the prevalence declined and then leveled off.
On both occasions, the epizootics in hares were
followed 2 to 3 months later by epidemics of
WEE in human beings and epizootics in horses
in the transitional aspen parkland to the south.
The present report supports the earlier sugges-
tion by Yuill and Hanson (22) that the snowshoe
hare may have acted as a virus amplifier on
both occasions.
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