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KLEIN, M. S., C. A. CONN AND M. J. KLUGER. Behavioral therrnoregulation in mice inoculated with influenza virus. PHYSIOL 
BEHAV 52(6) 1133-1139, 1992.--Mice housed at 30°C and inoculated with a mouse-adapted influenza virus show a fall in 
body temperature (Tb) and a decrease in food intake to almost 0 grams per day. This study tested whether the fall in Tb could be 
accounted for by the decreased food intake and whether the fall in Tb was due to a decrease of thermoregulatory set point or to 
an inability to maintain Tb at set point level. The fall in Tb of influenza-infected mice was greater than that of food-deprived 
mice. When food deprived, mice given access to a thermal gradient increased their preference for warmer areas in the gradient 
and, as a result, Tb did not fall as much as Tb of starved mice not given access to a thermal gradient. When infected with influenza 
virus, mice given a thermal gradient decreased Tb less and at a slower rate than mice not given a gradient. However, this fall in 
Tb of influenza-infected mice was greater than that of food-deprived mice given a thermal gradient. Mice given a thermal gradient 
increased their preference for the warmer temperatures after inoculation; this returned to preinoculation preference for cooler 
temperatures during the later days of infection despite a continuous fall in Tb. Influenza-infected mice given a thermal gradient 
survived significantly fewer days than infected mice not given a thermal gradient. We conclude that the influenza-induced fall of 
Tb in mice cannot be explained solely by the decrease in food intake, and is partially due to a decrease in thermoregulatory 
set point. 

Thermal gradient Temperature Food deprivation Thermoregulatory set-point Behavioral thermoregulation 

A L T H O U G H  infection with influenza virus results in fever for 
humans and ferrets (8), inoculation of  mice with a mouse- 
adapted strain of  influenza virus resulted in a fall in body tem- 
perature (11). In that study, mice housed individually at an am- 
bient temperature of  30°C decreased food intake to nearly 0 
grams per day, and significantly decreased water intake and ac- 
tivity. Since food deprivation has been found to result in a low- 
ering of  body temperature [e.g., (6,7,18)], we wondered whether 
the reduction in food intake alone might account for the fall in 
body temperature (Tb) of  the infected mice. We tested the hy- 
pothesis that mice subjected to starvation would show the same 
fall in temperature as infected mice that had voluntarily de- 
creased food intake to almost zero. 

It is not known whether the decrease in Tb due to food de- 
privation is a regulated lowering of  thermoregulatory set point, 
perhaps directed toward the goal of  saving energy. If the fall in 
Tb is regulated, then mice given a thermal gradient, where they 
could select ambient temperatures as high as normal Tb (ap- 
proximately 37°C), should still show the starvation-induced de- 
crease in Tb. Alternatively, if  the fall in Tb due to food deprivation 
is simply because the mice are unable to maintain their pre- 
starvation Tb by physiological mechanisms, then they should 
select higher temperatures in the gradient to maintain Tb near 
its normal level throughout starvation. We gave mice access to 
a thermal gradient to test the hypothesis that they would be- 

haviorally maintain prestarvation Tb during the starvation pe- 
riod. 

A previous study (12) has shown that lowered temperatures 
increased survival to bacteria or endotoxin challenge in young 
mice. The reduction in Tb in virus-infected mice may be a reg- 
ulated response that has adaptive value (i.e., improves survival). 
Alternatively, the thermoregulatory set point may be unchanged. 
Lowering of  Tb might then be due to an inability to maintain 
normal temperatures, or to develop fever, by physiological 
means. We permitted influenza-infected mice access to a thermal 
gradient to test the hypothesis that they would maintain prein- 
oculation temperatures or develop fever by behaviorally selecting 
a warmer environment.  

METHOD 

Animals 

Male Swiss Webster mice [Tac:(SW)fBR], aged 24 to 35 days, 
caesarean-derived gnotobiotic and barrier maintained, were ob- 
tained from Taconic Laboratories (Germantown, NY). The mice 
were housed either one to a cage (covered with filter paper to 
prevent virus particles from leaving the cage) or in terraria (see 
below). The room where all mice were housed was a temperature- 
controlled chamber set at 30 _+ 1 °C, a temperature within the 
thermoneutral  zone for mice. For protocols 2 and 3 (see below), 
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this temperature was lowered to 25 _+ I °C. The rooms were on 
a 12:12 (h) light:dark cycle, with light onset at 0600 h. 

Body Temperature Measltrement 

Deep body temperature (+ 0.1°C) was measured using im- 
planted telemetry transmitters (Mini-Mitter, Sunriver, OR). At 
least 1 week prior to experimentation, mice were anesthetized 
with methoxyflurane (Metofane, Pitman-Moore, Mundelein, 
IL). For each mouse, the lower abdomen was shaved and washed 
with alcohol. An incision (approximately 2 cm) was then made 
in the abdomen into which the transmitter was placed. The ab- 
domen was sutured closed with 3-0 silk, the wound area swabbed 
with nitrofurazone (Furacin, Norwich Eaton, Norwich, NY), 
and the mouse returned to his cage. Each transmitter was cali- 
brated before implantation and after experimentation to verify 
that the collected temperature values were valid. The output of 
each transmitter was received by an antenna under each animal's 
cage (see below for terraria) and fed into a peripheral processor 
connected to an IBM PC. This Dataquest III system (Mini-Mit- 
ter, Sunriver, OR) allowed us to continuously monitor and record 
Tb at 5-min intervals without handling the animals. See (16) for 
a more detailed description of this temperature-measurement 
protocol. 

Terraria 

With the exception of protocol 1, all experimentation was 
done with the mice housed in large modified cages. The cages 
were plastic fish aquaria divided in half lengthwise with a sheet 
of aluminum, such that each side housed one mouse in a com- 
partment 122 cm long X 38 cm high X 20 cm wide. The alu- 
minum divider was continued underneath the terrarium, which 
sat on wood supports 4 cm offthe ground. This divider prevented 
transmitter signals originating in a mouse on one side of the 
terrarium from being picked up by antennae under the other 
side of the terrarium. Three Mini-Mitter antennae (33 × 23 X 
1.5 cm) were placed at equal intervals on each side of the ter- 
rarium. This allowed transmitter signals to be received from 
each mouse no matter where he was in the terrarium at any 
given time. Plexiglas dividers (placed at 40.7 cm intervals) further 
sectioned each side of the terrarium into thirds, with a 5.3 cm 
window at the bottom of each divider, allowing the mouse to 
roam freely from one section to another under the dividers. All 
cages were covered with filter paper, which served in protocol 3 
(see below) to prevent virus particles from leaving the terrarium. 
Bedding (Sani-chip, P. J. Murphy Forest Products, Inc., Mont- 
ville, N J) in the terrarium was originally no more than 1 cm 
thick (mice often burrowed in bedding, making some areas 
thicker than others). 

Food and Water 

Food was provided ad lib in all experiments except for star- 
vation periods (see protocols 1 and 2). In the experiments with 
mice housed in terraria (protocols 2 and 3), two pellets of rodent 
chow (Purina 5001, Purina Mills, Inc., St. Louis, MO) were 
placed in each of the three sections for each mouse. Each day, 
4 h after the onset of light, food from the previous day was 
removed, weighed, and replaced; mice were also weighed at this 
time. Tap water was provided ad lib throughout all experiments. 
In the terrarium, one water bottle per section was hung upside- 
down, tied by copper wire to a bar across the top of each ter- 
rarium. 

771crtnal Gradienz 

A 250 W heat lamp was placed i 1 cm above one end of each 
terrarium for protocols 2 and 3 (see below). Due to the thin 
covering of filter paper above the terrarium, the Plexiglas dividers, 
and perhaps the absorption properties of the bedding, a thermal 
gradient was easily attainable. Temperature in the terrarium was 
measured before protocol 2 by placing Mini-Mitter transmitters 
at 12 locations in each terrarium on top of the same amount of 
bedding used in the experiments. temperature was recorded 
once every 5 min tbr a total of 60 min (12 recordings), and this 
was repeated for the nighttime, when the lights in the temperature 
controlled chamber were off. Ambient temperature in the 
chamber was monitored continuously using thermocouplcs 
connected to a Digistrip recorder, which recorded temperature 
every hour throughout experimentation. 

Temperatures in the hot sections of the terraria averaged 
36.38°C _+ 0.63 SEM, temperatures in the warm sections of the 
terraria averaged 27.73°C _+ 0.27 SEM, and temperatures in the 
cool sections of the terraria averaged 25.32°C ~ 0.17 SEM. 

ln[luenza Virus 

Viral infections were induced in mice lightly anesthetized 
with methoxyflurane (Metofane, Pitman-Moore, Mundelein, IL) 
by intranasal inoculations of 50 #1 of allantoic fluid containing 
a mouse-adapted influenza virus (H 1N I-A/PR/8/34) grown in 
10-day-old embryonated SPAFAS eggs. The inoculum was di- 
luted with a Hanks balanced salt solution into selected doses 
expressed as plaque-forming units (PFU) that were defined in 
Madin-Darby canine kidney cells (MDCK cells, NBL-2, ATCC 
CCL34). Inoculations were performed at 1000-1030 h. 

The virus is believed to be transmittable through the air in 
the presence of moisture. Two precautions were taken to prevent 
mice from inadvertently coming in contact with virus particles 
from other infected mice (which could thereby affect their own 
virus dosage). First, terraria in the virus experiments (as well as 
all other experiments) were covered with a special filter paper. 
Second, to prevent inadvertent infection of subsequent animals 
housed in terraria previously used for infected mice, terraria 
were allowed to air dry for at least 2 days after bedding was 
manually removed. 

kAperimental Design 

Protocol 1: Does 48-h starvation of mice result in a similar 
lowering of body temperature as inoculation of mice with influ- 
enza virus?Twelve mice were housed singly at 30 + 1 °C ambient 
temperature in standard cages (32.5 × 21 X 19 cm). Six were 
then food deprived for 48 h to simulate the food intake measured 
during infection of mice with a high dose of virus (55,000 PFU). 
Water was provided ad lib. No differences in weight were present 
between the two groups prior to the onset of this experiment. 
Temperature data were collected from 1 day prior to the star- 
vation period to 4 days after the 48-h starvation period. Food 
intake, water intake, and body weight were recorded daily. Tem- 
peratures were compared between the starved and fed conditions 
to see if starvation led to a change in Tb. Data from the starved 
mice were then compared with data from influenza-infected mice 
in which seven mice were housed singly in the same types of 
cages and at the same ambient temperature [30°C (11)]. 

Protocol 2: Given a thermal gradient, will mice starved for 
48 h show a lowering of body temperature? Sixteen mice were 
used for this experiment with eight mice being housed in terraria 
with a thermal gradient and eight mice being housed in terraria 
without a thermal gradient. Ambient temperature of the room 
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was set to 25 -+ 1 °C, because a previous gradient experiment 
suggested that 30°C might not be low enough if mice wanted 
to move to a cooler ambient temperature. Ambient temperature 
of mice in the thermal gradient varied as described above. Food 
intake was recorded daily, and body weight was measured every 
day except for the 1 day in the middle of the 48-h starvation 
period. Temperature data were collected every 5 min from 2 
days before the 48-h starvation period through the third day 
after the 48-h starvation period. The mice were in terraria for 
25 h before any data were collected. According to preexperi- 
mental analyses of circadian rhythm following cage switch (mice 
were housed in normal cages before being moved to terraria), 
this was sufficient time to allow their temperature rhythms to 
retum to normal after being placed in the new environment. 

One mouse belonging to the nongradient group was deleted 
from the data analysis due to a dripping water bottle, which 
seemed to empty gradually during the night of the first day of 
the poststarvation period, forcing the mouse to a different section 
of the terrarium and perhaps inducing a stress response. Another 
mouse belonging to the nongradient group was deleted from the 
data analysis because it died on the second day of the poststar- 
vation period. Tb of this mouse, preceding his death, was very 
low. 

Protocol 3: Given a thermal gradient, will influenza-infected 
mice show a lowering of body temperature? Sixteen mice were 
used for this experiment, with eight mice originally housed in 
terraria with a thermal gradient and eight mice originally housed 
in terraria without a thermal gradient. As in protocol 2, ambient 
temperature of the room was 25 _+ 1 °C, and this was taken to 
be the ambient temperature of the nongradient terraria. Ambient 
temperature of mice in the thermal gradient varied as described 
above. Mice were inoculated with influenza virus (see above), 
and temperature data were collected from 2 days before the first 
day of infection (inoculation day) through the ninth day of in- 
fection. Food intake was recorded daily. 

Only mice that were sick as a result of the inoculation with 
virus (i.e., temperature and food intake decreased) were included 
for analysis in this study. The sample sizes of six mice housed 
in the gradient and three mice housed in the nongradient con- 
ditions do not include one nongradient mouse that appeared to 
be sick before inoculation with virus (based on a decreased food 
intake and low temperature), two nongradient mice that died at 
the time of inoculation, and two mice each from gradient and 
nongradient groups which did not appear to get sick (based on 
food intake and temperature). 

Data Analysis 

Temperature measurements were averaged over 24-h periods 
for each mouse. In protocol 1, temperature comparisons over 
time were made by first performing a one-way repeated measures 
ANOVA to determine whether or not a significant (p < 0.05) 
interaction was present between time and group factors. Student's 
t-test was then used to compare baseline and temperatures during 
food deprivation of starved mice with those of fed controls. Both 
Student's t-test and analysis of covarianee, using weight and 
baseline temperature as the covariates, were used to compare 
temperatures during treatment of starved mice from protocol 1 
with those of influenza-infected mice from another study (11). 
In addition, the drop in temperature from baseline Tb to Tb 
during starvation was compared between starved and influenza- 
infected mice using Student's t-test. For protocols 2 and 3, Stu- 
dent's t-test was used following the ANOVA to make intergroup 
comparisons (gradient versus nongradient mice) to determine 
on what days temperature differences were present. A paired t- 

test was done to make intragroup comparisons between tem- 
peratures before starvation (or inoculation) and temperatures 
after starvation (or inoculation). 

Food intake, water intake, and weight comparisons between 
groups were done using Student's t-test. 

Survival data for protocol 3 were obtained by counting the 
number of whole days (fractions were truncated) a mouse sur- 
vived after inoculation. Student's t-test was then done between 
gradient and nongradient groups. 

An analysis of behavioral thermoregulation was done to see 
if preferred ambient temperature changed (for mice given ther- 
mal gradients in protocols 2 and 3) during the course of the 
experiments. For the starvation experiments in protocol 2, tem- 
perature recordings from each section of the terraria were totalled 
for the day immediately prior to starvation (hours - 2 4  to 0), 
the second day of starvation (hours 25 to 48), and the third day 
of the poststarvation period (hours 97 to 120). For the influenza 
experiments in protocol 3, temperature recordings were totalled 
for the first-day preinoculation and the fourth day of infection. 
These totals were then converted to a proportion of time spent 
in each section. To normalize the data, the inverse sine of the 
square root of the proportion (sin-~(~x) was calculated. A single 
factor (section of terrarium) repeated measures ANOVA was 
then performed on the transformation (significance level was 
taken to be a = 0.05), followed by a post hoc Scheffe F-test for 
pairwise comparisons between time periods. This procedure was 
repeated with the nongradient mice as a control, to make sure 
that other variables besides temperature were not affecting lo- 
cation preference in terraria. 

As an estimate of the preferred ambient temperature of mice 
in the thermal gradient, we added the proportion of time spent 
on each board multiplied by the average temperature on the 
respective board to yield a weighted average-preferred ambient 
temperature. 

RESULTS 

Protocol 1: Does 48-h Starvation of Mice Result in a Similar 
Lowering of Body Temperature as Inoculation of Mice With 
Influenza Virus? 

Effect of starvation on body temperature (Tn) of mice. Mice 
starved for 48 h at an ambient temperature of 30°C showed a 
significant decrease (Student's t = 13.148, p < 0.0001) in tem- 
perature as compared to fed controls (Fig. 1). Tb of starved mice 
decreased 0.81 °C from 37.56 oc  (day - 1) before the starvation 
period to 36.75°C (day 2) on the second day of starvation. The 
temperature of control mice did not change significantly 
(37.65°C on 1 day prior starvation, and 37.66°C on the second 
day of starvation). Water intake for the starved group dropped 
from 12.0 g before the starvation period to 8.6 g on the second 
day of starvation, and this was significantly lower than controls 
(p < 0.013 by Student's t-test). The starved mice lost 15.2% of 
their original weight over the 48-h starvation period (from 30.2 
g to 25.6 g). The fed controls increased their weight by 4.4% 
over the 48-h starvation period, and the weight difference be- 
tween the fed control and starved mice was significant at the 
end of the starvation period (p < 0.0015 by Student's t-test). 

Comparison between To of starved and influenza-infected 
mice. Figure 2 shows a comparison between temperatures of 
influenza-infected mice on the third day of infection [maintained 
at an ambient temperature of 30°C; data from (11)], which had 
been preceded by 24 h of nearly zero food intake (0.4 g per day, 
for infection days 2 and 3, compared to an average of 4.2 g per 
day for each mouse during the preinoculation period), and that 
of starved mice (also maintained at 30°C) on the second day of 



1136 KI.EIN, ('()NN \ N D  KIA;t. It'R 

% 

390 ] - - ~  A£1 lib fed (n 6 )  

38.5 t ~ - -  Starved (n=6)  

380 * 

37.5 

37.0 " 

36,5 , , , r , , ' 
1 1 2 +1 +2 +3 +4 

Starvation Day 

FIG. 1. Twenty-four-hour average Tb of mice housed at 30°C ambient 
temperature for 1 day prior to starvation ( -  1), 2 days of starvation (1 
and 2), and 4 days after the starvation period (+ 1 to +4), compared to 
ad lib-fed controls. Temperature values are plotted as mean _+ 1 SE, and 
significance values were determined by Student's t-test. *Denotes p < 
0.008. 

starvation. Baseline temperatures for both groups are also shown. 
The 24-b average temperature for the third day of infection was 
compared with the temperatures for the second day of starvation 
to see if a similar fall in temperature occurred. Despite eating 
more food and having a lower core temperature prior to infec- 
tion, the influenza-infected mice showed a significantly greater 
fall in temperature after 48 h (infection day 3) of nearly zero 
food intake ( -  1.63°C versus -0.81 °C for the starved mice, p < 
0.0015). 

In addition to having lower core temperatures before treat- 
ment, the influenza-infected mice weighed significantly more 
than the starved mice (34.5 g and 29.1 g, respectively, p < 0.02). 
To be sure that the difference between groups in Tb during star- 
vation was not influenced by weight or by baseline Tb, we used 
these variables as covariates in an analysis of covariance. The 
results of this analysis also showed that the infected mice had 
significantly lower Tb than the starved mice following 2 days of 
little or no food intake. 

Protocol 2: Given a Thermal Gradient, Will Mice Starved /br 
48 h Show a Lowering of Body Temperature? 

Figure 3 shows the mean Tb for the gradient (ambient tem- 
perature approx. 25-36°C) and nongradient (ambient temper- 
ature approximately 25°C) groups during the prestarvation 
period through the third day of the poststarvation period. No 
significant difference in pretreatment weight was present between 
the gradient (33.9 g) and nongradient (33.0 g) groups (p > 0.6). 
On the second day of starvation, the mice given a gradient had 
a significantly higher Tb than the nongradient mice (36.5°C and 
34.7°C, respectively; Student's t = 2,37, p < 0.02). Intragroup 
comparisons between prestarvation and starvation-period tem- 
peratures showed that both the gradient group and nongradient 
groups significantly decreased Tb as compared with prestarvation 
temperature. Tb of the gradient mice fell a maximum of 0.83°C 
on the second day of starvation, and Tb of the nongradient mice 
fell a maximum of 2.72 °C on the second day of starvation. Both 
groups increased Tb over the next 3 days, but never recovered 
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FIG. 2. Baseline temperature comparisons between mice infected with 
influenza virus and starved mice prior to treatment, and temperature 
comparisons between starved mice on the last day of the 48-h starvation 
period and influenza-infected mice after an equivalent time period with 
0.4 g food intake per day. Mice were housed at 30°C ambient temperature. 
Values are plotted as mean _+ 1 SE, and significance values were deter- 
mined by Student's t-test. *Denotes p < 0.002. 

completely to the prestarvation average temperature (tempera- 
tures on the third-day poststarvation were 0.1°C and 0.3°C 
cooler for the gradient and nongradient mice, respectively). 

For mice given a thermal gradient, Fig. 4 shows the proportion 
of time spent in each section prior to, during, and following 
starvation. Mice spent a significantly greater proportion of time 
in the hot ends of their terraria during the starvation period than 
before or after starvation (F > 50, p < 0.0001; post hoc Scheffe 
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FIG. 3. Twenty-four-hour average Tb for starved mice housed without 
a thermal gradient (ambient temperature approximately 25°C) compared 
to starved mice in a thermal gradient (ambient temperature approxi- 
mately, 25-36°C) for 2 days prior to starvation (-2 and -1), 2 days of 
starvation (1 and 2), and 3 days after the starvation period (+1 to +3). 
Temperature values are plotted as mean + 1 SE. Significance values were 
determined by Student's t-test. *Denotes p < 0.05. 
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FIG. 4. Preferences of gradient sections for mice given a thermal gradient 
on the day prior to starvation, the second day of starvation (hours 25 to 
48), and on the third day after food was restored (hours 49 to 72 posts- 
tarvation). Values are plotted as mean proportion of time spent in each 
section _+ 1 SE. Significance values were determined by Scheffe F-test. 
*Denotes p < 0.05 as compared to pre- and poststarvation proportions. 

F > 30, p < 0.01 for comparisons with pre- and poststarvation 
days). No change in preference was seen in any sections for the 
nongradient mice. Average preferred floor temperature was 
greatest on day 2 of starvation (Fig. 7). 

Protocol 3: Given a Thermal Gradient, Will Influenza-Infected 
Mice Show a Lowering of Body Temperature? 

Figure 5 shows the temperatures of the gradient (ambient 
temperature approximately 25-36°C) and nongradient (ambient 
temperature approximately 25°C) groups from the preinocu- 
lation period through the ninth day of influenza infection. No 
significant baseline differences were present between groups (p 
> 0.45). However, the significant interaction of group × time, 
F(1, 7) = 11.066, p < 0.0001, on temperature from preinocu- 
lation through the seventh day of infection suggests that the 
decrease in temperature of the nongradient mice was faster and 
greater in magnitude. Temperatures of mice for the third day 
of infection had dropped 3.42°C for the nongradient mice and 
1.85°C for the gradient mice (p < 0.04). On the sixth day of 
infection, temperatures for the nongradient mice had fallen 
7.05°C, while temperatures for the gradient group had fallen 
3.33°C (p < 0.001). 

Figure 6 shows the proportion of time spent in each section 
of the gradient for mice given a thermal gradient prior to and 
during infection day 4. The mice spent a significantly greater 
proportion of time in the hot ends of their terraria on infection 
day 4, when food intake was near its lowest value for the infection 
period, as opposed to before inoculation (paired t = 8.12, p < 
0.0006). Mice spent a significantly greater proportion of time in 
the cool ends of their terraria before inoculation compared to 
the fourth day of infection (paired t = 8.41, p < 0.0005). No 
change in preference was seen in any sections for the nongradient 
mice. 

Figure 7 shows the average preferred floor temperature for 
the gradient mice in starved and infected conditions. Both Tb-- 
from day 2 until death--and preferred floor temperature--from 
day 5 until death--decreased in mice infected with influenza. 
Infected mice began to decrease their food intake by the second 
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FIG. 5. Twenty-four-hour average Tb for influenza-infected mice housed 
without a thermal gradient (ambient temperature approximately 25 °C) 
compared to infected mice in a thermal gradient (ambient temperature 
approximately 25-36°C) for 2 days prior to inoculation and 9 days of 
infection. Temperature values are plotted as mean +_ 1 SE. Significance 
values were determined by Student's t-test. All gradient mice were dead 
after infection day 8. *Denotes p < 0.05. 

day of infection. Food intake was decreased by 81.7% on the 
third day of infection to 0.63 g for mice maintained in the gra- 
dient. The data graphed in Fig. 7 clearly show that Tb of influ- 
enza-infected mice on the third day of infection, despite the 
intake of small amounts of food, is much lower than that of 
starved mice on day 1 or 2 of starvation. On infection day 3, Tb 
of infected mice had fallen 1.85°C from preinoculation tem- 
peratures as compared with a fall of 0.84°C in Tb of starved 
mice on day 2 of starvation (p < 0.0003). Furthermore, although 
body temperature of the infected mice continued to fall, they 
did not attempt to raise their temperatures by selecting a warmer 
floor temperature. 

Although the sample sizes were small, nongradient mice sur- 
vived significantly longer after inoculated with virus than the 
mice given a thermal gradient (8.33 days as compared to 6.17 
days, p < 0.025). Survivorship data are shown in Table 1. 
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FIG. 6. Preferences of gradient sections for mice given a thermal gradient 
on the day prior to inoculation and the fourth day of influenza infection. 
Values are plotted as mean proportion of time spent in each section _+ 
1 SE. Significance values were determined by paired t-test. *Denotes p 
< 0.0006 as compared to preinoculation proportions. 
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FIG. 7. Twenty-four-hour Tb and preferred floor temperatures averages 
for starved (n = 8) and influenza-infected mice (initial n = 6) with access 
to the thermal gradient. The starvations days are: 2 days prior to starvation 
(-2 and - 1 ), 2 days of starvation (1 and 2), and 3 days after the starvation 
period (+ 1 to +3). The infection days are: 2 days prior to infection (-2 
and -1) and 8 days of infection with influenza virus. All values are 
plotted as mean _+ 1 SE. 

DISCUSSION 

The primary goal of  this study was to determine the mech- 
anism behind the influenza-induced fall in Tb of  mice. Since 
infected mice decrease their food intake, we compared the Tb 
of  mice fed ad lib with that of  food-deprived mice. We found 
that 48 h of  starvation significantly lowered Tb of  healthy mice, 
and this is consistent with results of  other studies showing that 
food deprivation can lead to a decrease in Tb [e.g., (6,7,18)]. 
However, the fall in Tb of  mice which were food-deprived for 
48 h was less than the fall in Tb of  infected mice after 2 days of  
very low food intake. We conclude that, although the decrease 
in Tb of the influenza-infected mice may be partially due to 
decreased food intake, even complete starvation cannot account 
for the entire fall in Tb following infection. 

Additional support for this conclusion comes from experi- 
ments with mice given a thermal gradient. Figure 7 shows that 
mice preferred almost identical floor temperatures (within 0.1 °C) 
on the second day of  both treatments. However, the influenza- 
infected mice showed a 0.55°C greater decrease in Tb on this 
day. Clearly, other effector mechanisms were activated in the 
infected condition that did not operate during starvation. 

The additional experiments were run to compare the effects 
of  starvation or infection on Tb and temperature selection of  
mice given a gradient. In one experiment, mice were starved for 
2 days and given access to a thermal gradient (gradient temper- 
ature approximately 25-36°C) or no gradient (ambient tem- 
perature approximately 25°C). In the thermal gradient, mice 
showed a max imum fall in Tb of  only 0.83°C to 36.47°C. With- 
out the thermal gradient, Tb fell a maximum of 2.72°C to 
34.70°C (Fig. 3). The small fall in temperature of  starved mice 
in the thermal gradient is consistent with the hypothesis that at 
most, a small decrease in thermoregulatory set point had oc- 
curred in the starved mice. However, this 0.84°C decrease in Tb 
might simply be the error signal necessary to initiate thermo- 
regulatory effector responses. 

In protocol 3, mice were inoculated with virus and given 
access to a thermal gradient (gradient temperature approximately 
25-36°C) or no gradient (ambient temperature approximately 
25°C). Results indicate that Tb of  the gradient mice did not fall 
nearly as much as Tb of  the nongradient mice (Fig. 5). This 

suggests to us that a portion of  the tall in 7b of influenza-infected 
mice may be due to an exhaustion of BAT reserves, or t~ a 
decrease in heat production occurring through an unknown 
mechanism. However, infected mice did not maintain preinoc- 
ulation temperatures by behavioral selection. As the infection 
progressed, these mice actually selected a cooler floor temper- 
ature. This supports the hypothesis that much of  ttae fall in 7i> 
of  influenza-infected mice is regulated (i.e., their lhermoregu- 
latory set point has decreased). 

Unlike data from studies of  larger endotherms or ectotherms 
in which fever appears to be beneficial [e.g., (9,10)], our data 
support the hypothesis that the lowering of  7"8 during influenza 
infection in mice increases survival rate (Table 1). Furthermore, 
Conn et al. (unpublished data from our laboratory) inoculated 
25 mice with influenza virus and housed them in standard cages, 
13 mice at an ambient temperature of  30°C, and 12 mice at 
22°(7. In this study, Yb was not measured, but mice in the cool 
environment survived significantly longer than the mice at 30°C 
(t - 2.099, p < 0.05). These results are similar to the data shown 
in Table I, and support the hypothesis that a cooler ambient 
temperature, and perhaps lower Yh, is beneficial for survival of  
these mice. 

Similar to our results, other studies have shown that mice 
decrease thermoregulatory set point (seek cooler temperatures 
in a gradient) and/or  show increased survivorship at lower am- 
bient temperatures when injected with toxic substances [e.g., 
(1,4,5,17)]. An experiment by Lagerspetz and V~fithinen (12) 
showed that lowered temperature can increase survival rate of  
mice. In that study, young mice were infected with bacteria or 
with endotoxin. These 3-10-day-old mice actively sought cooler 
temperatures in a thermal gradient and showed a fall in Tb, 
which resulted in increased resistance and tolerance to the in- 
fection. We speculate that a lowered thermoregulatory set point 
may be an adaptive response to infection or other stresses in 
small endotherms. 

In summary, this study provides evidence that the decrease 
in body temperature of  influenza-infected mice is, in part, a 
regulated fall. The decline is probably not due to a decrease in 
food intake alone, since mice starved for 48 h showed a signif- 
icantly smaller fall in Tb. What is responsible for the fall in Tb 
is not known. The fall in Tb not attributable to the reduced 
thermoregulatory set point may be due to a decreased metabolic 

TABLE 1 

S U R V I V O R S H I P  

Gradient  Mice Nongradient  Mice 
Surviving Surviving 

Preinoculation b 3 
Day 6 3 

I 
2 6 3 
3 6 3 
4 6 3 
5 6 3 
6 6 3 
7 5 3 
8 3 2 
9 0 2 

Number of gradient and nongradient mice alive on each 
infection day. A mouse dying on a given day was not 
counted to have survived that day. 
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rate. That  portion of  the fall in Tb due to the reduced set point 
may be the result of  endogenous antipyretics or cryogens such 
as T N F  [see (2,13)], a-melanocyte-stimulating hormone [see 
(3,14)], arginine vasopressin (15), or  others. 
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