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INTRODUCTION
A major theme in the field of ecological immunology (Sheldon and
Verhulst, 1996; Wikelski and Ricklefs, 2001; Martin et al., 2007)
is the potential for physiological trade-offs that are presumed to
occur when various functions compete for limited resources and/or
influence the behavior of animals under natural conditions (Clobert
et al., 2000; Careau and Garland, 2012). A number of studies, mostly
in birds, have investigated potential trade-offs between immune
function and other energetically expensive traits. Energetically costly
activities are particularly likely to suffer if a limited supply of energy
must support immune upregulation in addition to other functions
(Demas et al., 1997; Lochmiller and Deerenberg, 2000; Derting and
Compton, 2003; French et al., 2009). Maintenance and upregulation
of immune function are assumed to be expensive for most organisms,
though many costs related to immune functions remain difficult to
quantify (Lochmiller and Deerenberg, 2000; Ots et al., 2001;
Bonneaud et al., 2003; Freitak et al., 2003; Pilorz et al., 2005; Amat
et al., 2007; Colditz, 2008). Moreover, it may be less energetically
costly to live with a low-level infection rather than investing the

energy to completely remove it (Bonneaud et al., 2003; Pilorz et
al., 2005; Colditz, 2008).

Parasites are common in wild animals and produce wide-ranging
effects on their hosts, including immune responses elicited through
a variety of mechanisms. Behavioral changes that occur in the host
as a result of infection are well studied, and various parasites
(particularly helminths) have substantial impacts on energetically
expensive traits (e.g. a host’s locomotor behavior or performance
abilities), which may directly or indirectly alter the host’s ability to
survive or reproduce (Anderson and May, 1991; Poirier et al., 1995;
Meagher and Dudek, 2002; Careau and Garland, 2012). Assuming
limited resources, it is reasonable to expect that parasitized animals
may redirect resources to allow for an upregulation of immune
function, while compromising other functions.

In this study we investigated the effects of a common nematode
parasite, Trichinella spiralis, with an infective biology known to
directly affect its host (for example, effects on muscle physiology);
it also elicits immune responses with potentially indirect effects (e.g.
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changes in energy availability via alterations in allocation).
Trichinella spiralis is geographically widely distributed and
ecologically relevant in many wild mammal species that consume
meat (even occasionally). Its biology has been intensely studied
because of is relevance to human health and the husbandry of stock
animals (Campbell, 1983; Capó and Despommier, 1996). During
T. spiralis infections, a host experiences distinct acute and chronic
phases (Frenkel, 1989; Meagher and Dudek, 2002). Infection begins
when a host animal eats infected meat and larvae emerge in the
stomach. During the initial acute phase, larvae mature in the small
intestines of the host. Adults mate, females reproduce, and new
larvae travel through the host’s bloodstream and preferentially enter
active skeletal muscle. Upon entering an individual muscle fiber,
larvae induce a suite of changes, including de-differentiation of host
muscle fibers (making them non-functional in contraction) and
considerable upregulation of angiogenesis. The chronic phase of
the infection begins when larvae encyst in ‘nurse cells’ within a
muscle, where they can remain for years (Campbell, 1983;
Despommier, 1998). Effects of acute trichinosis in rodents include
increased weight loss, decreased locomotor activity, decreased run
time to exhaustion in a forced-exercise test, decreased home-cage
activity and decreased running speed (Von Brand et al., 1954;
Bernard, 1959; Goodchild and Frankenberg, 1962; Zohar and Rau,
1984; Zohar and Rau, 1986; Poirier et al., 1995).

The primary goal of the present study was to test for a trade-off
between voluntary locomotor activity in wheels and immune
function. We also tested whether maximal metabolic rates elicited
during forced exercise were impacted by infection. Assuming
competing energetic demands and a limited energy supply or ability
to process food, we predicted that parasitized animals would reduce
voluntary activity levels to allow for an upregulation of immune
function. A long-term experiment selectively breeding mice for high
voluntary wheel running (Swallow et al., 1998; Rhodes et al., 2005;
Garland et al., 2011a; Garland et al., 2011b) is particularly well-
suited to studies involving possible trade-offs between locomotion
and other metabolically costly functions, including immune
responses (Malisch et al., 2009a; Downs et al., 2012). Prior work
shows that voluntary running can account for substantial fractions
of daily energy expenditure (Rezende et al., 2009), and running in
high voluntary wheel running (HR) lines has remained unchanged
for >40 generations, despite continued selection, suggesting that it
has reached an upper limit (Rezende et al., 2009; Kolb et al., 2010;
Careau et al., 2013). In addition, daily running distances of the four
replicate HR lines are approximately threefold greater than those
of mice from four non-selected control (C) lines, thus providing
greater protection against possible ‘floor effects’ as compared with
mice that run at much lower levels. Finally, HR mice have evolved
increased maximal oxygen consumption (V·O2max), as measured
during forced treadmill exercise (Rezende et al., 2009), and another
selection experiment with laboratory house mice that targeted
V·O2max found evidence for altered innate immune function (e.g.
decreased cytokine production in response to a lipopolysaccharide
injection) in their selected lines (Downs et al., 2013).

Regarding the effects of a T. spiralis infection on HR mice, two
competing (although not mutually exclusive) hypotheses warrant
examination. First, because of possible energetic trade-offs
associated with very high activity levels (Rezende et al., 2009), we
expect that HR mice may allocate less energy toward resisting
infection and would therefore be susceptible to higher infection
levels as compared with C mice. Assuming reduced energy
allocation toward an immune response in HR mice, we would also
expect lower immunoglobulin levels in HR mice as compared with

C mice. Here, we measure immunoglobulin E (IgE), which is part
of a broader T helper (Th)2 immune response associated with
helminth infections. Briefly, Th1 and Th2 cells represent two
lymphocyte subpopulations. Both subpopulations are components
of adaptive immunity and primarily work through the secretion of
cytokines, but Th1 broadly promotes cellular immunity, whereas
Th2 promotes humoral immunity (Elenkov, 2004; Viveros-Paredes
et al., 2006). Specifically, IgE is thought to directly induce expulsion
of T. spiralis from the gut (Gurish et al., 2004; Watanabe et al.,
2005). We expect higher parasite loads in HR mice versus C mice
because constraints on IgE levels and/or other immune functions
should reduce the host’s ability to expel T. spiralis. Additionally,
if energy allocation is the primary factor driving IgE production
and, consequently, the number of larvae eventually encysted in
skeletal muscles, then we expect infected HR mice to show reduced
muscle function and hence a greater decrease in running performance
as compared with infected C mice. That finding would support the
idea that HR mice are more energetically challenged by a T. spiralis
infection.

An alternate hypothesis is focused on elevated circulating
corticosterone (CORT) concentrations in HR mice. CORT is a
steroid hormone well known to mobilize energy stores, particularly
in times of increased stress. Malisch et al. (Malisch et al., 2007)
showed that CORT levels changed in response to selection in HR
mice, whose CORT levels are approximately double those of C mice
(see also Malisch et al., 2008; Malisch et al., 2009a; Downs et al.,
2012). Running on wheels further elevates CORT levels (Girard
and Garland, 2002; Malisch et al., 2007), as CORT levels generally
increase during exercise (Coleman et al., 1998). CORT is thought
to be immunosuppressive (Sapolsky et al., 2000); however, it is not
clear which aspect of an immune response is most affected by
CORT. Malisch et al. showed that, although HR and C mice did
not differ statistically in the ability to clear an intestinal nematode
infection (Nippostrongylus brasiliensis), an analysis of the eight line
means revealed a negative relationship between clearance ability
and baseline CORT levels, supporting the hypothesis that CORT
has immunosuppressive effects (Malisch et al., 2009a). More
recently, a study by Downs and colleagues also found no statistical
difference between the HR and C lines following an immune
challenge with lipopolysaccharide (Downs et al., 2012). Thus,
evidence to date indicates that HR and C mice may be capable of
similar immune responses to infection. Despite the general prediction
that CORT is immunosuppressive, some studies have suggested that
CORT affects Th1/Th2 balance and works synergistically with
certain cytokines (specifically, interleukin 4) to induce IgE synthesis
(Zieg et al., 1994; Wiegers and Reul, 1998; Elenkov, 2004; Viveros-
Paredes et al., 2006). Therefore, if IgE levels are increased in HR
mice as a result of increased baseline circulating CORT levels, then
we may expect these mice to be more resistant to T. spiralis infection
and with fewer encysted larvae as compared with C mice.

Direct (invasion and deactivation of skeletal muscle cells) and
presumed indirect (costly immunological responses) influences of
T. spiralis on hosts are expected to decrease running performance
in both HR and C mice. Thus, an intuitive prediction is a negative
relationship between parasite load and voluntary wheel running or
maximal performance ability [e.g. as indexed by maximal oxygen
consumption (Kolb et al., 2010)]. Assuming immunological and
energetic costs associated with infection and potentially anorexigenic
effects of parasite infection (Kyriazakis et al., 1998; Adamo et al.,
2010), overall body mass and many organ masses are expected to
be negatively affected by infection. However, the spleen is often
enlarged in organisms with parasitic infections, perhaps indicating
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heightened immune response caused by increased production/storage
of lymphocytes and immunoglobulins. As the spleen is considered
to be an immunologically important organ (Corbin et al., 2008;
Cowan et al., 2009; Schulte-Hostedde and Elsasser, 2011), spleen
mass is expected to increase with infection. Additionally, hematocrit
is expected to be positively correlated with both infection (Meagher,
1998; Downs et al., 2012) and V·O2max performance.

Finally, we tested for effects of mini-muscle status (Garland et
al., 2002; Kelly et al., in press). The primary characteristic of the
mini-muscle phenotype is a dramatic reduction in hindlimb muscle
mass (~50%) coupled with approximately doubled mass-specific
aerobic capacity in hindlimb muscle (Houle-Leroy et al., 2003). This
phenotype is caused by a simple Mendelian recessive allele and is
associated with alterations in various morphological, physiological
and behavioral traits, including organ size, response to a
lipopolysaccharide (LPS) immune challenge, and wheel running
under some conditions (e.g. Garland et al., 2002; Houle-Leroy et
al., 2003; Swallow et al., 2005; Syme et al., 2005; Rezende et al.,
2006; Dlugosz et al., 2009; Downs et al., 2012).

MATERIALS AND METHODS
Study animals and experimental design

Mice (Mus musculus domesticus Linnaeus) were from generation 55
of an ongoing selection experiment, which includes four lines bred
for high voluntary wheel running (HR) and four control (C) lines
bred without regard to wheel running (Swallow et al., 1998). Briefly,
mice from each generation are given wheel access at ~6–8 weeks of
age, within-family selection is used, and a minimum of 10 mating
pairs are used to produce litters. In the HR lines, the mice that run
the most on days 5 and 6 of the 6-day period of wheel access are
bred to produce the next generation. C mice are also given access to
wheels for 6 days, but are bred without regard to their amount of
wheel running. All eight lines have been reproductively isolated since
the beginning of the selection experiment. Mice are housed on a
12 h:12 h light:dark cycle and given ad libitum food and water. One
hundred and one male mice were used for this experiment (males
were used to avoid potential complications from estrous cycles). Mice
were weaned at 21 days according to the selection protocol (Swallow
et al., 1998) and housed four to a cage.

At approximately 7 weeks of age (Fig. 1), half of the mice (chosen
randomly) were infected (via a stomach tube) with approximately
300 T. spiralis (Beltsville strain) J1-stage larvae in 0.1 ml saline
[shown to be an ecologically relevant dose for mice (Despommier,
1983; Meagher and Dudek, 2002)]. Larvae were recovered from
artificially digested skeletal muscle of a previously infected
laboratory mouse host. The remaining mice received a sham
infection (0.1 ml saline). IgE levels were obtained from 75 μl blood
samples taken from each mouse 2 weeks following infection using
an infraorbital socket protocol (Hoff, 2000). Blood was centrifuged
for 12 min at 46,000 g and 4°C, and plasma was stored at –20°C
until IgE assays.

At approximately 4 weeks after the initial infection, larvae were
expected to be encysted in host skeletal muscle [the chronic phase
of infection (Despommier, 1998)]. At this time, mice were exposed

to the running wheels used in the selection experiment (1.12 m
circumference) for 6 days. Wheel running was recorded for 23.5 h
each day in 1 min intervals, and total revolutions per day, total
number of 1 min intervals with at least one revolution, mean speed
(total revolutions per number of active intervals) and maximum
speed in any 1 min interval were calculated. Wheel freeness
(measured by the number of revolutions recorded following
acceleration to a standard revolutions per minute) was measured
prior to wheel testing and at the conclusion of the study. Wheel
data were recorded and downloaded each day.

Immediately following the 6-day wheel running test, we measured
V·O2max during forced exercise using open-flow respirometry in a
small enclosed treadmill (Rezende et al., 2006) (details below).
Following V·O2max trials, mice were euthanized by decapitation and
dissected. Liver, ventricles, lungs, diaphragm, spleen and the right
triceps surae muscle were collected and weighed. Liver, ventricles
and lungs were then dried to a constant mass and re-weighed.
Diaphragm and spleen were frozen for future analyses. Right triceps
surae mass was used to determine mini-muscle status (Garland et
al., 2002).

Diaphragm muscle compression for larvae detection
The diaphragm is one of the most common sites of T. spiralis larval
encystment, so we used counts of larvae encysted in this tissue as
an index of infection level (Gottstein et al., 2009). Diaphragms were
removed, weighed and stored in a –20°C freezer. We counted total
larvae number in the diaphragm as a measure of final parasite load
for each mouse. Prior to counting, diaphragms were stained in
Giemsa Stain (see Ramirez-Melgar et al., 2007) and compressed
between two glass microscope slides. All nurse cell–larvae
complexes in the diaphragm were counted (Zeiss microscope, 100×
total magnification) four times and averaged. Additionally,
diaphragms from sham-infected mice were inspected to ensure they
were not infected.

IgE analyses
Plasma samples collected 2 weeks post-infection (i.e. in the acute
state of infection) were used to assess the primary immune response
to infection. Two weeks post-infection is the predicted time of
maximum IgE response (Jarrett and Haig, 1976; Dearman et al.,
1998; Salagianni et al., 2007; Gurish et al., 2004). A double antibody
enzyme-linked sandwich immunoperoxidase assay (Mouse IgE
ELISA Kit E90-E; Immunology Consultants Laboratory, Portland,
OR, USA) was used to determine plasma IgE levels. Samples were
diluted and measured in duplicate on a pre-coated anti-mouse IgE
plastic microtiter plate. Absorbance was determined at 450 nm using
a SpectraMax Plus microplate reader (Molecular Devices,
Sunnyvale, CA, USA). Values (ng ml–1) were compared with a
standard curve generated individually for each plate.

Maximal metabolic rate (V·O2max)
Each mouse was run individually and was given two V·O2max tests
on consecutive days. Mice were given several minutes to acclimate
to the motionless treadmill (volume 850 ml). When the test began,

Infection
Mass 1 Mass 2

IgE
Mass 3

6 days of wheel access

Mass 4

V·O2max
(2 trials)
Masses 5, 6

Dissections
Mass 7

Week
0               1               2                3                4                5                  6

Fig. 1. Timeline of experimental design.
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speed was initially low. Mice oriented quickly and ran well.
Treadmill speed was matched to the behavior of the animals, and
was increased approximately every 30 s until V·O2 did not increase
or until the mouse could not keep pace with the treadmill or failed
to continue running. At that point the treadmill was stopped and
mice were allowed to recover before being removed. Flow rates
(2000 ml min–1) and gas concentrations were recorded using
LabHelper software (www.warthog.ucr.edu) every 1 s with
references taken at the beginning and end of each trial. Excurrent
air was subsampled at 150 ml min–1, scrubbed and dried (soda lime
and Drierite), and then passed through an O2 analyzer (Applied
Electrochemistry S-3A, Sunnyvale, CA, USA). Instantaneous
corrections (Bartholomew et al., 1981) were used to account for
mixing and washout characteristics and accurately record rapid
changes in metabolism. The effective volume for instantaneous
calculations was 900 ml, as determined from washout curves
generated with step changes in incurrent O2 concentration. Oxygen
consumption (V·O2) was calculated as:

V·O2 = V·(FIO2 – FEO2) / (1 – FeO2) , (1)

where FIO2 and FEO2 are the fractions of inspired and expired O2,
respectively.

The V·O2max was defined as the highest consecutive 1 min of V·O2
during exercise. The higher of the two V·O2max values was used in
analyses.

Statistical analyses
Proc Mixed in SAS version 9.2 was used for mixed-model ANOVA
analyses (SAS Institute, Cary, NC, USA). The mixed-model
ANOVA included infection (referring to differences between
infected and uninfected mice), line type (referring to differences
between HR and C mice) and the infection-by-line type interaction.
These effects were tested relative to the random effect of replicate
line nested within line type, with 1 and 6 d.f. Our prediction that
HR mice were more affected by infection than C mice was tested
via the interaction between line type and infection. Mini-muscle
[which may affect certain aspects of performance (Houle-Leroy et
al., 2003; Syme et al., 2005; Dlugosz et al., 2009; McGillivray et
al., 2009)] was coded as a dummy variable and included as a fixed
effect, tested relative to the error term with d.f. of 1 and ~76 (or
~38 when only infected mice were analyzed). On a trait-by-trait
basis, mice were excluded from analyses in which their standardized
residual was greater than |3|.

Body mass was recorded seven times over the course of the
experiment (see timeline in Fig. 1). Body mass 1 was analyzed
with a one-way mixed-model ANOVA (with line included as a
random effect), as mice were not yet infected at that time. All
other body mass data were analyzed with the general mixed-model
ANOVA described above. Age was included as a covariate in
analyses of body mass and body mass was included as a covariate
in analyses of organ masses. Spleen, ventricle and lung masses
were log10-transformed to achieve approximate normality of
residuals.

To test for the effects of infection on wheel running, we used
mixed-model ANOVAs (as described above) for distance
(revolutions day–1), time (min day–1), mean speed (revolutions min–1)
and maximum speed (revolutions min–1). For consistency with the
standard selection protocol, only values averaged for days 5 and 6
of the 6-day test were analyzed. Wheel freeness measures were
averaged and used as a covariate in wheel-running analyses, as was
age. Distance and time were square-root transformed to reduce
skewness of residuals.

For V·O2max, we used the mixed-model ANOVA described above.
As is typical for metabolic measurements, V·O2max was log10-
transformed and log10-tranformed body mass was used as a
covariate. Because IgE levels for uninfected mice were, as expected,
very low and often did not reliably fall on the standard curve, only
infected mice were included in IgE analyses. The number of larvae
encysted in the diaphragm was used as our measure of final infection
intensity, with body mass as a covariate.

For traits measured close to the time of dissection [body masses
5, 6 and 7 (Fig. 1), organ masses, wheel running and V·O2max
(ml min–1)], we also performed analyses of only the infected mice,
using diaphragm larvae count as a covariate and line type and mini-
muscle status as factors.

RESULTS
Body mass

Consistent with many previous studies of these lines, uninfected
C mice were approximately 8–9% larger than uninfected HR mice
at all seven body mass measurements, although none of the
differences reached statistical significance (Fig. 1, supplementary
material Tables S1, S2) (e.g. Swallow et al., 1999; Malisch et al.,
2009a; Meek et al., 2009; Rezende et al., 2009; Kolb et al., 2010).
Mini-muscle HR mice were always significantly smaller than
normal mice. One week after infection (body mass 2), infection
status was not significantly associated with body mass. However,
starting 2 weeks after infection and continuing through the end of
the experiment, infected mice were significantly smaller than
uninfected mice. Overall, from the time of infection (bleed 1 mass)
until dissection, uninfected C mice showed a 10.75% increase in
body mass and uninfected HR mice increased their body mass by
10.01% compared with initial body mass. However, infected C
mice only showed a 0.33% increase in body mass, whereas infected
HR mice increased their body mass by 2.87%. There were no
significant line type-by-infection interactions for body mass at any
point of the experiment (i.e. body masses of both line types were
approximately equally affected by infection). Considering only the
infected mice, diaphragm larvae counts had a significant negative
relationship with body mass (supplementary material Table S1).

Organ masses
Body mass at the time of dissection was a significant positive
predictor of all organ masses except wet and dry lung mass
(Table 1). HR mice had significantly larger wet and dry ventricle
masses compared with C mice. Spleen mass [thought to be a good
indicator of immunological activity and parasitic infection in
mammals (Cowan et al., 2009; Schulte-Hostedde and Elsasser,
2011)] was significantly larger in infected mice than uninfected mice.
Infected mice also had significantly smaller wet and dry lung masses
than uninfected mice. Line type-by-infection interactions were not
statistically significant for any organ mass. In previous studies, the
mini-muscle gene has been shown to have many pleiotropic effects,
including increases in body-mass-adjusted organ masses (e.g.
Garland et al., 2002; Swallow et al., 2005; Downs et al., 2012). In
the present study, mini-muscle mice had significantly larger wet
and dry liver masses than normal mice, but mini-muscle was not a
significant predictor of any other relative organ masses (Table 1).
In infected mice, diaphragm larvae counts had a significant negative
relationship with ventricle mass (supplementary material Table S3).

Hematocrit
Hematocrit was never statistically different between HR and C mice,
and body mass was never a significant predictor of hematocrit
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(Table 1). One week after infection, infected mice had significantly
higher hematocrit than uninfected mice (P=0.0148), but this
difference was reversed a week later (P=0.0028). Two weeks post-
infection, mini-muscle mice had significantly lower hematocrit
compared with normal mice (P=0.0311).

Voluntary wheel running
Four components of voluntary wheel running (means for days 5 and
6 of the 6-day test) were analyzed: distance, time, mean speed and
maximum speed. Neither age nor mini-muscle was significantly
associated with any measure of wheel running (Table 2). As expected
based on many previous studies, HR male mice ran significantly
farther, for more minutes per day, and at a higher mean running speed
than C mice. As predicted, distance run, time run and maximum speed
were significantly lower in infected mice, although the decrease in
mean speed did not reach statistical significance. There was no
infection-by-line type interaction for any aspect of voluntary wheel
running; thus, based on back-transformed least squares means, the
proportional reduction in distance run resulting from infection was
similar in HR and C mice (−43% versus −46%, respectively).
However, the absolute reduction in distance run due to infection was
approximately fourfold larger in HR as compared with C mice (Fig. 2).
In the infected mice, diaphragm larvae counts had a significant
negative relationship with all four measures of wheel running while
HR mice also ran more than C mice (Table 2).

V·O2max
The two measurements of V·O2max were significantly correlated
between trial days (r=0.3982, P<0.0001), and did not differ on
average between trials (paired t-test, P=0.1645). As expected, log10
body mass was a highly significant predictor of log10 V·O2max
(P<0.0001; Table 3). After accounting for log10 body mass, HR mice
had significantly higher V·O2max than C mice (P=0.0170). Infection
decreased V·O2max (P=0.0396), although the magnitude of the
decrease was small (2–6%). Similar to wheel running, there was no
infection-by-line type interaction (P=0.1286) and mini-muscle mice
did not have different V·O2max from normal mice (P=0.9009). In the
infected mice, diaphragm larvae counts were not significantly related
to V·O2max (Table 3).

Immunoglobulin E
In infected animals, plasma IgE levels at 2 weeks post-infection were
significantly higher (~67%) in C mice as compared with HR mice
(P=0.0077; Table 3). Surprisingly, although all mini-muscle mice
are HR mice, mini-muscle mice had significantly higher IgE levels
compared with mice without mini-muscle (P=0.0361; Table 3).
Although uninfected mice were not included in IgE analyses,
preliminary tests suggested that baseline, uninfected IgE levels were
similar in HR and C mice (P=0.9682) and IgE levels in uninfected
mini-muscle mice were not different from those of normal mice
(P=0.4728).

Diaphragm larvae counts
Among infected mice, the number of larvae per diaphragm ranged
from 285 to 2140 (mean ± s.e.m.=1261±54.5). Log10 body mass
was strongly negatively correlated with infection level, as
measured by counts of larvae in diaphragms (P<0.0001; Table 3).
Contrary to our prediction, infected HR and C mice did not have
significantly different numbers of larvae in their diaphragms (least
squares means were 1278 versus 1132 larvae in C versus HR mice,
respectively; P=0.2060). Mini-muscle status was not a significant
predictor of larvae encysted in the diaphragm (P=0.2605). Results
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were similar when body mass was not included as a covariate
(Table 3).

DISCUSSION
Trichinella spiralis infections elicit a suite of behavioral and
physiological responses in a wide range of hosts (Campbell, 1983;
Capó and Despommier, 1996). Many of these are expected to affect
energy metabolism, and our HR mice (the products of 55 generations
of selective breeding for high voluntary wheel running) seem
particularly likely to exhibit a decrease in voluntary wheel running
[which is performed at extraordinarily high levels and has apparently
reached a selection limit (Careau et al., 2013)] and a decrease in
immune response as a result of a T. spiralis infection. As expected,
we found effects of both line type and infection on behavior and
performance. However, our results suggest that despite increased
voluntary wheel running and hence energetic demands in HR mice
(Rezende et al., 2009), selection for a highly aerobic lifestyle does
not appear to have had substantial negative effects on immune
function. Moreover, the infection caused similar proportional
decreases in wheel running in both line types (Fig. 2).

Consistent with this interpretation, Malisch and colleagues found
that HR and C mice did not significantly differ in their ability to
clear another parasite, the intestinal nematode Nippostrongylus
brasiliensis (Malisch et al., 2009a). However, previous findings also
indicate that HR mice have increased baseline CORT levels (thought
to be immunosuppressive), which were negatively associated with
the ability to clear an N. brasiliensis infection when analyzed at the
level of the eight line means (Girard and Garland, 2002; Malisch
et al., 2007; Malisch et al., 2009a). More recently, Downs et al.
challenged mice from the same generation as in the present study
with LPS to investigate inflammatory responses (Downs et al.,
2012). Despite their elevated baseline CORT levels, HR mice did
not have a suppressed inflammatory response to a classic LPS
immune challenge.

In the present study, infected mice had significantly higher
hematocrit values compared with uninfected mice 1 week after
infection. Increased hematocrit is typical of inflammatory responses
and parasitic infections (Meagher, 1998; Downs et al., 2012). Two
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weeks after infection, however, infected mice had lower hematocrit
than uninfected ones (Table 1). This may be expected if T. spiralis
individuals are physically damaging the host (for example,
burrowing through the gut or into muscle tissue) and causing blood
loss or, in severe cases, perhaps even anemia. Similar to previous
results (Swallow et al., 2005), we found no significant differences
in hematocrit values between male HR and C mice (Table 1).
Swallow et al. found significantly lower hematocrit values for mini-
muscle mice in females (when body mass was not included as a
covariate), but not males (Swallow et al., 2005). We found
significantly lower values for mini-muscle male mice only for the
third blood sample, 2 weeks after infection.

As expected, spleen mass (adjusted for body mass) was
significantly higher in infected mice than in uninfected mice
(Table 1) and, although not statistically significant, liver masses also
tended to be slightly heavier in infected mice. Generally, increased
spleen and liver masses are associated with a classic inflammatory
response (Hart, 1988). Many studies have demonstrated that spleen
mass is commonly negatively associated with overall body condition
and positively correlated with parasite infection (Corbin et al., 2008;
Cowan et al., 2009; Schulte-Hostedde and Elsasser, 2011). As seen
previously (Swallow et al., 2005; Meek et al., 2009; Downs et al.,
2012), spleen and liver masses were not significantly different
between HR and C mice, and mini-muscle mice had heavier livers.
Additionally, lung mass was significantly lower in infected mice.
Decreased lung mass may be one of the causes of the decreased
V·O2max measured in infected mice (Table 3), and in turn this could
contribute to decreased wheel running in infected mice (Table 2).
HR mice had significantly greater V·O2max (Table 3) and larger
ventricles than C mice (Table 1), both of which would support their
higher aerobic locomotor activity (see also Swallow et al., 2005;
Rezende et al., 2006; Kolb et al., 2010).

Consistent with previous studies, HR mice had higher V·O2max and
voluntary wheel running than C mice (e.g. Swallow et al., 1998;
Rezende et al., 2005; Rezende et al., 2006; Kolb et al., 2010). As
expected, our results show that both wheel-running behavior and
V·O2max decreased when mice were infected. Following the acute
phase of a T. spiralis infection, larvae encyst in active skeletal muscle
and dedifferentiate skeletal muscle fibers, thereby decreasing the
number of functional muscle fibers available for locomotion. HR
mice showed a much larger absolute decrease in daily wheel running
as compared with C mice; however, they had similar factorial
decreases. The latter observation indicates that HR mice are not
proportionally more affected by T. spiralis infection compared with
C mice.

The proportional reduction in infection-related aerobic
performance (V·O2max) was much smaller than decreases in wheel
running. By definition, performance tests (such as V·O2max) require
that an individual is maximally motivated, thereby providing a
measure of ability only (Careau and Garland, 2012). One potential
reason for a larger change in voluntary running behavior is the
motivational factors underlying wheel running (see also Kolb et al.,
2010). It is reasonable to expect that discomfort resulting from
skeletal muscle damage due to larval encystment may decrease
motivation to maintain normal levels of locomotor activity in
infected mice (see also Li et al., 2004). Additionally, for both
voluntary wheel running and V·O2max there were no significant
interactions between line type and infection, thus indicating a similar
relative response to infection in both HR and C mice.

Our results are consistent with the well-established association
between helminth infections and increased IgE production (Gurish
et al., 2004; Watanabe et al., 2005; Erb, 2007). As wheel running  
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can have a substantial energy cost in mice and HR mice have higher
daily energy expenditure than C mice (e.g. Koteja et al., 1999;
Rezende et al., 2005; Rezende et al., 2006), they are thought to be
more energetically challenged than C mice (although this may not
be important under conditions of ad libitum food). Accordingly, if
there is a trade-off between locomotion and immune function, then
we expected HR mice to be less resistant (more susceptible) to
infection. As we expected, among infected animals, IgE levels were
significantly lower in HR mice than in C mice. Assuming general
immunosuppressive effects of CORT (Sapolsky et al., 2000; Galon
et al., 2002; Spencer et al., 2011) and our hypothesis that HR mice
would allocate less energy toward immune upregulation, a smaller
increase in IgE levels among HR mice appears to be a reasonable
response to infection. However, the effects of glucocorticoids on
the immune system are complex. Despite an enormous number of
studies, the extent to which glucocorticoids influence innate versus
acquired immune function or humoral versus cell-mediated
responses is not clear (for a review, see Spencer et al., 2011). In
addition to being part of a general immune response to parasites,
IgE is thought to bind directly to T. spiralis and directly aid in
expulsion of the parasite from the gut of the host, and there is
evidence that IgE may also help kill larval stages of T. spiralis
(Gurish et al., 2004). Lower IgE levels in HR mice would be
expected to result in a smaller immune upregulation, less ability to
expel T. spiralis adults and, ultimately, increased numbers of larvae
encysted in skeletal muscle.

Surprisingly, HR and C mice did not significantly differ in
diaphragm loads of T. spiralis larvae. Immune responses to a parasite
infection are very complex, and IgE is not the only important factor
in a primary immune response. We assume that other components of
immunity may compensate for differences in IgE in the two line types.

A number of possibilities could explain the apparent contradiction
regarding IgE levels and diaphragm larvae counts. First, during the
initial 4 weeks of the infection (i.e. the acute phase) mice were
individually housed without access to running wheels; under those
circumstances, HR mice are expected to be less energetically limited
than if wheel running were possible. However, HR mice without
wheel access demonstrate increased home cage activity and
increased food consumption as compared with C mice, so there are
still differences in energy demands between the HR and C mice
(Koteja et al., 2001; Swallow et al., 2001; Malisch et al., 2009b).
Our results suggest that despite selection for increased voluntary
wheel running and the increased energy needs of HR mice, both
HR and C mice have adequate energy for upregulation of the
immune system when housed with ad libitum food. Nonetheless, a
direct measure of food consumption (e.g. Koteja et al., 1999; Koteja
et al., 2001; Koteja et al., 2003) during the acute infection would
be useful in determining the extent to which energetic demands of
HR and C mice have the capacity to influence immune function.

Second, particularly in energy-limited wild animals, it is often
thought to be less energetically costly and of greater net benefit to
live with a low-level parasitic infection than to completely eliminate
parasites, which could be quite expensive (Bonneaud et al., 2003;
Pilorz et al., 2005; Colditz, 2008). In this sense, our results do not
provide evidence of the proportional extent to which HR and C mice
allocated energy toward an immune response. In other words, it is
not clear whether immune upregulation (IgE production specifically)
is maximized in either HR or C mice.

Third, because HR mice are, on average, smaller than C mice
and all mice received an approximately equal infection dose (~300
J1 larvae total; ~12–15 larvae per gram body mass), HR mice
received a slightly larger dosage relative to their body mass. One

prediction that might follow would be higher encysted larvae loads
in HR mice, particularly given that line type’s higher CORT levels,
but this was not observed.

Finally, the time course of IgE production may not be the same
in HR and C mice. Previous rodent studies (Jarrett and Haig, 1976;
Gurish et al., 2004) have shown that IgE production is maximized
approximately 2 weeks after infection. If the time course of an
immune response was altered (Wiegers and Reul, 1998) by selective
breeding for high voluntary wheel running, then IgE production in
HR and C mice may peak at different times. These results underscore
the importance of measuring clearance of diseases and parasites –
not just markers of immune function (again, IgE is only one feature
of a highly complicated Th2 response) – when trying to understand
physiological trade-offs that may involve the immune system
(Viney et al., 2005).

Within the HR line type, the various phenotypic alterations
associated with the mini-muscle morphology are known to include
a number of effects on physiology (e.g. Garland et al., 2002; Houle-
Leroy et al., 2003; Swallow et al., 2005; Dlugosz et al., 2009;
McGillivray et al., 2009; Kolb et al., 2010). Results from Downs
et al. (Downs et al., 2012) suggest that mini-muscle mice show
greater sickness behaviors than normal mice, although cytokine
levels were not significantly different. In the present study, body
mass measurements, hematocrit, liver mass and IgE were the only
traits affected by mini-muscle status. Taken together, the results of
Downs et al. (Downs et al., 2012) and this study suggest that mini-
muscle mice differ from normal mice in the activity of molecules
associated with an inflammatory response. Additionally, given the
smaller body masses and larger mass-corrected organ masses
typically associated with the mini-muscle phenotype, sickness
behavior or inflammatory response may be further accentuated in
mini-muscle mice compared with normal mice.

A more complete picture of both innate and adaptive immunity
would be useful in determining the specific mechanisms by which
artificial selection for high levels of voluntary exercise has affected
immune function HR and C mice. Nevertheless, the results of this
study and others (Malisch et al., 2009a; Downs et al., 2012) clearly
indicate that selection for increased activity levels, and hence
increased levels of daily energy expenditure, has not had a strong
negative effect on some aspects of immune function. This is one of
various examples in which predictions about trade-offs derived from
basic physiological principles are not necessarily met in practice,
perhaps because nature has more ‘degrees of freedom’ than expected
(e.g. Garland, 1988; Downs et al., 2013).
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Table S1.  Significance levels (2-tailed P values; degrees of freedom in parentheses) from SAS Procedure Mixed Analyses of seven
body mass measurements at different infection time points.

Trait
(N) Transform

Mean
Age

(days)
Infection Linetype Infection*L

inetype Mini-muscle Age
Diaphragm

Larvae
Counts

Bleed 1 Mass
(at infection)

(101)
None 51 -- 0.1004 (-)

(1,6) -- 0.0027 (-)
(1,91)

0.0168 (+)
(1,91) --

Bleed 2 Mass
(100) None 58 0.0969 (-)

(1,6)
0.2069 (-)

(1,6)
0.3671
(1,6)

0.0097 (-)
(1,82)

0.0224 (+)
(1,82) --

Bleed 3 Mass
(97) None 65 0.0055 (-)

(1,6)
0.2322 (-)

(1,6)
0.1716
(1,6)

0.0097 (-)
(1,79)

0.0881 (+)
(1,79) --

Mass On Wheel
(96) None 82 0.0303 (-)

(1,6)
0.1646 (-)

(1,6)
0.6088
(1,6)

0.0012 (-)
(1,79)

0.7893 (+)
(1,79) --

Mass On Wheel
(with

Diaphragm
Larvae Count)

(49)

None 82 -- 0.1790 (-)
(1,6) -- 0.0037 (-)

(1,38)
0.5197 (+)

(1,38)
<0.0001 (-)

(1,38)

V
.
 O2max (1)

(Mass Off) (95)
None 88 0.0180 (-)

(1,6)
0.2052 (-)

(1,6)
0.6001
(1,6)

0.0013 (-)
(1,77)

0.7414 (+)
(1,79) --

V
.
 O2max (1)

(Mass Off)
(with

Diaphragm
Larvae Count)

(49)

None 88 -- 0.0646 (-)
(1,6) -- 0.0153 (-)

(1,38)
0.7871 (+)

(1,38)
<0.0001 (-)

(1,38)

V
.
 O2max (2)

Mass
(95)

None 88 0.0177 (-)
(1,6)

0.1705 (-)
(1,6)

0.7121
(1,6)

0.0036 (-)
(1,77)

0.5879 (+)
(1,77) --
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V
.
 O2max (2)

Mass (with
Diaphragm

Larvae Count)
(49)

None 88 -- 0.0377 (-)
(1,6) -- 0.0153 (-)

(1,38)
0.6447 (+)

(1,38)
<0.0001 (-)

(1,38)

Dissection Mass
(95) None 97 0.0140 (-)

(1,6)
0.2126 (-)

(1,6)
0.4813
(1,6)

0.0081 (-)
(1,77)

0.3477 (+)
(1,77) --

Dissection Mass
(with

Diaphragm
Larvae Count)

(49)

None 97 -- 0.1206 (-)
(1,6) -- 0.0269 (-)

(1,38)
0.6962 (+)

(1,38)
<0.0001 (-)

(1,38)

Positive signs following P-values indicate infected>uninfected, HR>C, mini-muscle>normal or positive effect of age.
P-values < 0.05 are in bold.
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Table S2.  Least squares means from SAS Procedure Mixed Analyses of seven body mass measurements, as shown in Table S1.
Least Squares Means ± Standard Error

Trait Control
Uninfected

Control
Infected

High
Runner

Uninfected

High
Runner
Infected

Normal
Muscle Mini-muscle

Bleed 1 Mass
(at infection) 31.196 ± 1.134 28.489 ± 0.966 31.668 ±

0.698
28.017 ±
1.209

Bleed 2 Mass 31.126 ±
1.282

29.063 ±
1.266

28.404 ±
1.113

27.709 ±
1.099

30.670 ±
0.720

27.481 ±
1.234

Bleed 3 Mass 32.875 ±
1.390

28.427 ±
1.353

29.678 ±
1.166

27.614 ±
1.153

31.469 ±
0.755

27.828 ±
1.368

Mass On Wheel 34.796 ±
1.531

31.690 ±
1.500

31.656 ±
1.318

29.549 ±
1.315

34.318 ±
0.834

29.527 ±
1.449

Mass On Wheel (with
diaphragm larvae count) -- 32.027 ±

1.145 -- 29.919 ±
0.951

32.993 ±
0.693

28.953 ±
1.277

V
.
 O2max (1)

(Mass Off)
33.971 ±

1.507
31.263
1.479

31.093 ±
1.312

29.178 ±
1.302

33.701±
0.873

29.052 ±
1.449

V
.
 O2max (1)

(Mass Off) (with
diaphragm larvae count)

-- 32.153 ±
0.978 -- 29.613 ±

0.768
32.495 ±

0.564
29.271 ±

1.184

V
.
 O2max (2)
(Mass)

34.688 ±
1.540

31.864 ±
1.509

31.655 ±
1.333

29.434 ±
1.322

34.069 ±
0.877

29.751±
1.486

V
.
 O2max (2)

(Mass) (with diaphragm
larvae count)

-- 32.666 ±
0.930 -- 29.891 ±

0.715
32.895 ±

0.524
29.662 ±

1.169

Dissection Mass 34.954 ±
1.650

31.300 ±
1.620

31.672 ±
1.443

29.332 ±
1.433

33.844 ±
0.941

29.786 ±
1.560

Dissection Mass (with
diaphragm larvae count) -- 31.926 ±

1.074 -- 29.691 ±
0.845

32.419 ±
0.620

29.208 ±
1.298
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Table S3.  Least squares means and significance levels (2-tailed P values; degrees of freedom in parentheses) from SAS Procedure
Mixed Analyses of organ masses where diaphragm larvae counts are used as a covariate.  Body mass was not transformed for analyses
of organ masses.

Least Squares Means ± S.E.M. 2-tailed P values (d.f.)

Organ Mass
(N) Transform Control

Infected

High
Runner
Infected

Normal
Muscle

Mini-
muscle Linetype Mini-

muscle Body Mass
Diaphragm

Larvae
Count

Spleen (with
diaphragm

larvae count)
(49)

Log10
-1.0206 ±

0.0368
-0.9506 ±

0.0328
-0.9923 ±

0.0230
-0.9789 ±

0.0398
0.1844 (+)

(1,6)
0.7341 (+)

(1,38)
0.0010 (+)

(1,38)
0.2962 (-)

(1,38)

Wet
Liver (with
diaphragm

larvae count)
(49)

None 1.9247 ±
0.0918

1.8994 ±
0.0785

1.7384 ±
0.0540

2.0857 ±
0.1130

0.8270 (+)
(1,6)

0.0064 (+)
(1,38)

<0.0001 (+)
(1,38)

0.4228 (-)
(1,38)

Dry
Liver  (with
diaphragm

larvae count)
(49)

None 0.6149 ±
0.0329

0.6101 ±
0.0282

0.5554 ±
0.0195

0.6695 ±
0.0402

0.9081 (+)
(1,6)

0.0110 (+)
(1,38)

0.0001 (+)
(1,38)

0.3524 (-)
(1,38)

Wet
Ventricle

(with
diaphragm

larvae count)
(49)

Log10
-0.8618 ±

0.0110
-0.8216 ±

0.0093
-0.8439 ±

0.0061
-0.8395 ±

0.0150
0.0205 (+)

(1,6)
0.7909 (+)

(1,38)
<0.0001 (+)

(1,38)
0.0219 (-)

(1,38)

Dry Ventricle
(with

diaphragm
larvae count)

(49)

Log10
-1.5007 ±

0.0100
-1.4589 ±

0.0085
-1.4824 ±

0.0056
-1.4773 ±

0.0134
0.0119 (+)

(1,6)
0.7293 (+)

(1,38)
<0.0001 (+)

(1,38)
0.0373 (-)

(1,38)
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Wet Lungs
(with

diaphragm
larvae count)

(48)

Log10
-0.6981 ±

0.0298
-0.6462 ±

0.0253
-0.6531 ±

0.0174
-0.6912 ±

0.0373
0.1974 (+)

(1,6)
0.3468 (+)

(1,37)
0.8286 (+)

(1,37)
0.4936 (+)

(1,37)

Dry Lungs
(with

diaphragm
larvae count)

(48)

Log10
-1.3595 ±

0.0299
-1.3093 ±

0.0254
-1.3048 ±

0.0175
-1.3639 ±

0.0369
0.2121 (+)

(1,6)
0.1429 (+)

(1,37)
0.6851 (+)

(1,37)
0.2972 (+)

(1,37)

Positive signs following P-values indicate HR>C, mini-muscle>normal or positive effect of diaphragm larvae count.
P-values < 0.05 are in bold.
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