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a  b  s  t  r  a  c  t

Food  restriction  affects  the  activation  of the  immune  system  although  the  metabolic  cost  associated  with
mounting  such  a response  has  rarely  been  examined  except  in  model  animals.  Wild  animals  are constantly
exposed  to  variations  in  the availability  of  food  resources  and  they  need  to balance  their  energy  budget  to
fight against  pathogens.  We  examined  the  effect  of  food  restriction  in  the fish eating  Myotis  (Myotis  vivesi),
a  species  of bat that  experiences  periods  in which  foraging  is limited  due  to  ambient  conditions.  We  tested
the hypothesis  that  acute  food  restriction  (∼65%  restriction  for 1  night)  would  reduce  the  caloric  response
to  lipopolysaccharidae  (LPS)  injection  compared  to bats  fed  ad libitum.  We  also  measured  a proxy  for  body
temperature  (Tskin)  and  expected  reduced  fever  development  when  food  intake  was  limited.  Bats  on  the
restricted  diet  had  similar  resting  metabolic  rate,  total  caloric  cost  and  Tskin after  the  LPS challenge  than
ipopolysaccharidae
esting metabolic rate

when  fed  ad  libitum.  However,  there  was  a delay  in  the  metabolic  and pyrogenic  responses  when  bats
were  on  the  restricted  diet. The  effect  of acute  food  restriction  in delaying  the  hyperthermia  development
in  fish eating  Myotis  might  be of importance  for its capacity  to fight  pathogens.  Similar  to  other  bats,  the
fish  eating  Myotis  can  fast  for several  consecutive  days  by  entering  torpor  and  future  work  is  warranted
to  understand  the effect  of  long  periods  of  food  restriction  on  bat immune  response.

©  2016  Deutsche  Gesellschaft  für Säugetierkunde.  Published  by Elsevier  GmbH.  All  rights  reserved.
ntroduction

Mounting an immune response is assumed to be energeti-
ally costly, because physiological processes associated with the
ctivation of the immune system require a continuous input of
nergy to sustain optimal functionality (Nelson and Demas, 1996).
nder natural conditions, when animals must invest in one par-

icular process such as immune function, resources available to
ther vital processes might be limited (Demas et al., 2011; Norris
nd Evans, 2000; Ricklefs and Wikelski, 2002). Energetic trade-off

elationships between the immune response and other physi-
logical functions impose challenges to organism survival and
tness, particularly when animals confront climatic seasonality and
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fluctuation of food resources in time and space (French et al., 2009).
In particular, variation in food availability affects immune functions
in wild and laboratory animals (Berger, 2013).

The effects of food restriction on the immune system after ani-
mals are exposed to an immune challenge differ depending on the
species examined. For example, 30% food restriction during long
periods (2–4 weeks) decreased immunoglobulin production with
respect to animals fed ad libitum in laboratory mice (Mus  musculus;
Książek and Konarzewski, 2012) and deer mice (Peromyscus man-
iculatus; Martin et al., 2006), but increased production in Siberian
hamsters (Phodopus sungorus; Zysling et al., 2009). T-cell mediated
immunity was  reduced in Mongolian gerbils (Meriones unguicula-
tus)  fasted for 3 days (Xu and Wang, 2010), while house sparrow
nestlings (Passer domesticus) in which food ingestion was reduced
by 40% for 2 days exhibited a reduced induced acute-phase protein

response (Killpack et al., 2015).

In contrast to studies on the magnitude of an immune response,
the effect of food restriction on the metabolic cost associated with
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2 A. Otálora-Ardila et al. / Mam

ounting such a response has rarely been examined. For example,
aboratory rats (Rattus norvegicus) administered lypopolisacchari-
ae (LPS) after 28 days of 30–40% food restriction, and little ringed
lovers (Charadrius dubius; Gutiérrez et al., 2011) challenged with
hytohemagglutinin after 3 days of similar levels of food restric-
ion both exhibited significantly reduced metabolic rate increases
uring the acute response phase compared to individuals fed ad

ibitum. LPS is an endotoxin present in most gram-negative bacte-
ia that stimulates the innate immune system through induction
f the acute phase response (APR), provoking fever, weight loss,
norexia, and diminished activity (Bonneaud et al., 2003; Canale
nd Henry, 2011; Cutrera et al., 2010; Lee et al., 2005). The APR
ccurs in the first stage of infection and its main function is to min-
mize energy expenditure on non-essential organismal functions

hile limiting nutrient availability to pathogens, enhancing animal
urvival (Burness et al., 2010). At least in individuals not subjected
o reduced food intake, activation of APR by LPS often involves an
ncrease in resting metabolic rate in laboratory (Buchanan et al.,
003; MacDonald et al., 2012) and in wild animals (King and
wanson, 2013; Marais et al., 2011).

The activation of the APR might be particularly relevant for
he survival of long-lived animals because they are more likely
o be repeatedly exposed to, or exposed to a broader variety of,
athogens than short-lived animals, and therefore should invest
ore heavily in immune maintenance (Martin II et al., 2006). Bats

ave exceptionally long life spans that are on average 3.5 times
onger than other eutherian mammals of similar size (Munshi-
outh and Wilkinson, 2010) and they have high mass specific field
etabolic rates (Geiser and Coburn, 1999; Speakman and Król,

010). Immune response in some bat species might be compro-
ised as they lower their metabolic rate when food availability is

imited (Bouma et al., 2010; Moore et al., 2011). We  examined the
ffect of acute food restriction on the metabolic rate of the fish-
ating Myotis (Myotis vivesi; Vespertilionidae) after activating APR
ith an administration of LPS. This bat feeds primarily on marine
sh and crustaceans (Otálora-Ardila et al., 2013) and might not

eed for one to several days presumably due to limiting foraging
onditions (Salinas R. et al., 2014). We  tested the hypothesis that
cute food restriction (∼65% restriction for 1 night) would reduce
he caloric response to LPS injection compared to bats fed ad libi-
um. We  also measured body temperature and expected no fever
evelopment when food intake was limited.

aterial and methods

nimal care and housing

Individual fish-eating Myotis were captured in March 2014
n Partida Norte Island (28◦52′30′′N, 113◦02′17′′W),  located in
he midriff region of the Gulf of California, Mexico (Carreño
nd Helenes, 2002). Individuals were maintained in captivity for
ne week before experiments began. Bats were maintained in
n outdoor flight cage (3.4 × 2.8 × 1.8 m)  where they were fed
ith shrimp, salmon, and mealworms supplied ad libitum on sev-

ral Petri dishes. Mean air ambient temperature was  29.3 ± 1.6 ◦C
mean ± s.e.m., here and thereafter) throughout the experiment.

xperimental procedures

Seven adult, non-reproductive individuals (4 males, 3 females,
8.9 ± 0.6 g) were studied. Each bat was sequentially subjected

o each of two feeding regimes one day before the onset of the
ata collection: unlimited (ad libitum) and restricted feeding. In
oth cases, the diet consisted of shrimp, salmon, mealworms, and
ater. For the ad libitum treatment, bats were maintained in the
an Biology 82 (2017) 41–47

outdoor cage the night before the immune challenge and food was
presented at 20:00 h in five Petri dishes to assure that it was not
monopolized by some individuals. The amount of food consumed
was estimated by subtracting the amount of food remaining in the
dishes at 06:00 h from the amount provided the previous night.
We calculated the amount of food consumed per individual during
each pre-challenge night (n = 6) dividing total food consumed by
the number of individuals. Bats on the ad libitum diet consumed
6.4 ± 0.9 g per individual on the pre-challenge night. This value is
similar to the average amount of food consumed by bats (6.7 ± 0.6 g
per individual) during the period in which they were not managed
for the experiments (34 nights). When bats were fed the restricted
diet, they were placed in individual cages (25 × 15 × 10 cm)  the
night previous to the immune challenge. The restricted diet con-
sisted of ∼35% of the average food consumed ad libitum. Individual
bats on the restricted diet consumed 2.2 ± 0.1 g when assigned to
the PBS injection and 2.4 ± 0.1 g when assigned to the LPS injec-
tion. Body mass of each individual was  measured at the beginning
(20:00 h) and end (06:00 h) of each dietary treatment.

Immune challenge

Each bat received a single injection of LPS in phosphate buffered
saline (PBS) or an injection of PBS alone in separate trials at 07:00 h
after each dietary treatment. Seven days after the completion of a
round of data collection, each bat was  injected with the alternative
solution. The order in which bats received each solution was ran-
domly assigned. As a result, each bat participated in four rounds
of data collection: injection with either the LPS or PBS solution,
followed by injection of the alternate solution while subjected to
the ad libitum feeding diet and a subsequent series of two  injec-
tions while subjected to the restricted diet. LPS doses consisted
of a 1 mg  mL−1 solution of LPS (LPS L2630; Sigma, USA) diluted in
50 �L of PBS. Injections were administered sub-dermally to the dor-
sal thorax of the bats. Prior to injection, the skin surrounding the
injection site was  sterilized with ethanol.

LPS is pyrogenic (fever-inducing); therefore, we measured bat
skin temperature (Tskin) using temperature-sensitive radiotrans-
mitters (Holohil Systems, Ontario, Canada: model BD-2CT, 2.0 g)
attached dorsally between the scapulae. We  used R-1000 receivers
(Communication Specialists Inc, California, USA) to record the pulse
emission rate (number of beeps min−1) produced by the radio-
transmitters every two hours throughout experiment, and we  used
transmitter-specific calibration curves supplied by the manufac-
turer to determine Tskin. We  recorded the pulse emission rate
three times during 30 s for each 2-h period for each bat and used
the average to assign Tskin. We  calibrated radiotransmitters and
found a mean difference of 0.24 ± 0.17 ◦C (n = 35) between water
temperatures reconstructed with radio-transmitters and with a
thermometer. We  measured the net change in Tskin due to the effect
of LPS (�LPS-PBSTskin) by subtracting the mean Tskin value after the
PBS injection from the mean Tskin value after LPS injection for each
2 h period. We  measured body mass of each individual 23, 13, and
1 h prior to, and 11.5 h following, injection.

Respirometry and experimental design

We  determined RMR  by measuring O2 consumption rate (VO2)
using flow-through respirometry during the resting phase of bats
(07:00–19:30 h). We  measured VO2 one day before (Day –1), and
on the day of LPS or PBS injection (Day 0). Bats were placed in
individual 250-ml metabolic chambers for the measurements. To

measure VO2 rate, external air was  drawn through three metabolic
chambers (each containing a bat) and one empty reference cham-
ber. Excurrent air from all chambers was  sequentially sampled
by precision gas analyzers (Field Metabolic System [FMS], Sable
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ystems International). Air was drawn through each chamber at
00–500 mL  min−1 and flow rate was maintained by the mass-
ow controller of the FMS. Recordings were obtained from 7:00
o 19:30 h. Excurrent air was sampled first for 5 min  from the
eference chamber and then sequentially from each of the three
hambers containing bats for 30 min  each time, followed by another

 min  from the reference chamber. By the end of trial each day, we
ad acquired 30 min  recordings per bat corresponding to hours 1,
, 5, 7, 9 and 11 after the bats were placed in the chamber.

Flow rate, chamber temperature, water vapor, and oxygen levels
ere recorded using ExpeData acquisition software (v. 1.7.2, Sable

ystems International) at a frequency of 1 Hz. After lag correction,
moothing, and correction for water dilution effects on flow rate
nd apparent O2 level, VO2 was calculated by application of standard
quations according to Lighton (2008). We  identified the lowest

 min  mean VO2 values within each 30 min  sampling period as the
ats’ instantaneous resting oxygen consumption rate. Metabolic
ates were expressed as ml  O2 h−1.

We calculated the net metabolic cost of the injection response
y subtracting the final pre-injection control values for VO2 from
ach post-injection. Control-corrected VO2 values were converted

−1
o their oxy-joules equivalents (MRkj in kJ hr ) according to the fol-
owing equation from (Lighton, 2008) and assuming the respiratory
xchange ratio (RER = VCO2 /VO2 ; where VCO2 is carbon dioxide pro-
uction rate) was equal to 0.77, which was the average RER value

ig. 1. Body mass changes (g) of fish-eating Myotis (Myotis vivesi) before and after the in
ere  fed feed ad libitum (A) or with restriction (B) on the night previous to injection. Value

 p ≤ 0.05.
an Biology 82 (2017) 41–47 43

observed in fasted Myotis fishing bats examined in a separate study
(Welch et al., 2015):

MRkj = VO2x[16 + 5.164(RER)]

Following this, we  fitted a spline function to these corrected
post-injection measurements and calculated the area under the
curve using the “rollapply” function in the “zoo” package (Zeiles
and Grothendieck, 2005) in R. In a few instances, respirometric
data for specific measurement periods on specific individuals were
lost due to equipment failure. In these cases, missing data were
replaced (to permit statistical analyses) with the immediately prior
or subsequent measurement value.

Data analysis

We performed three-way repeated measure analyses of vari-
ance (RM-ANOVA) to examine variations in RMR, body mass,
chamber temperature and Tskin related to dietary treatment, injec-
tion treatment, time after injection, and their interactions. For
the body mass comparison, we  included body mass changes
at the end of the daytime period previous to injection (body

mass-13hour − body mass-23hour), at the end of the last feeding period
previous to injection (body mass1hour − body mass-13hour), and at
the end of the experiment after injection (body mass11.5hour − body
mass1hour). For the chamber temperature, we considered only data

jection of lipopolysaccharide (LPS) or phosphate buffered saline (PBS). Individuals
s are mean ± s.e.m, n = 7 for each treatment. Vertical line indicates time of injection.
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egistered after the injection. We  compared �LPS-PBSTskin between
ietary treatments using two-way RM-ANOVA. We  compared total
aloric cost of injection with a two-way RM-ANOVA with dietary
reatment and injection treatment as factors. When factors or their
nteractions were significant, we conducted planned orthogonal
omparisons. We  compared the total metabolic cost of PBS and
PS injection to zero using one-sample t-tests for each dietary
reatment. Values are expressed as mean ± s.e.m. Results were con-
idered significant at p ≤ 0.05.

esults

ody mass changes

Body mass was significantly affected by dietary treatment
F1,6 = 10.3, p = 0.01), time after injection (F2,12 = 12.2, p = 0.001), and
he interactions between dietary treatment and type of injection
F1,6 = 21.9, p = 0.003), between dietary treatment and time after
njection (F2,12 = 6.4, p = 0.02), and between type of injection and
ime after injection (F2,12 = 6.3, p = 0.001). Body mass losses at the
nd of the daytime period previous to injection were not signifi-
antly different between bats assigned to the LPS or PBS treatments

or bats on the ad libitum (p = 0.3) or restricted (p = 0.7) diets. On the
eeding period before injection, bats on the restricted diet gained
ess body mass (0.6 ± 0.7 g) than when fed ad libitum (1.4 ± 0.3 g)
ut this difference was not significant (p = 0.2). At the end of the

ig. 2. Skin temperature (◦C) of fish-eating Myotis (Myotis vivesi) before and after the in
ere  fed feed ad libitum (A) or with restriction (B) on the night previous to injections. Value

p  ≤ 0.05;**p ≤ 0.01; ***p ≤ 0.001.
an Biology 82 (2017) 41–47

injection day, bats on the LPS treatment lost more body mass than
bats on the PBS treatment when fed ad libitum (p = 0.05) or when
subjected to dietary restriction (p = 0.04). Bats on the ad libitum
diet lost more mass than bats on the restricted diet after the LPS
treatment (p = 0.02) but there was no difference between dietary
treatments after the PBS treatment (p = 0.2, Fig. 1). Only three bats
in the restricted diet lost body mass on the feeding period prior to
LPS injection, whereas all bats in the ad libitum diet gained body
mass. Body mass of bats 1 h prior to LPS injection was  higher when
they were fed ad libitum (29.2 ± 0.6 g) than when diet was  restricted
(26.3 ± 0.6 g; t6 = 3.5, p = 0.01).

Skin and chamber temperature

Chamber temperature was  significantly higher during the
experiment with bats on the restricted diet (29.8 ± 0.1 ◦C;
F1,6 = 22.1, p = 0.003) than on the ad libitum diet (28.9 ± 0.1 ◦C) but
the effect of injection treatment was not significant (F1,6 = 1.5,
p = 0.2). Chamber temperature varied significantly with time after
injection (F5,30 = 427.3, p < 0.0001), with increasing values from the
beginning (1 h after injection: 27.5 ± 0.1 ◦C) to end of the period
(11 h after injection: 30.4 ± 0.1 ◦C). No factor interactions were sig-

nificant.

Dietary treatment had no significant effect on Tskin (F1,6 = 0.5,
p = 0.5) but the effects of injection treatment (F1,6 = 11.4, p = 0.01),
time after injection (F10,60 = 16.2, P < 0.0001) and the injection

jection of lipopolysaccharide (LPS) or phosphate buffered saline (PBS). Individuals
s are mean ± s.e.m, n = 7 for each treatment. Vertical line indicates time of injection.
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ig. 3. Resting metabolic rate (RMR; ml O2 consumed Hr−1) of fish-eating Myotis
uffered saline (PBS). Individuals were fed feed ad libitum (A) or with restriction (
ertical  line indicates time of injection. *p ≤ 0.05;**p ≤ 0.01; ***p ≤ 0.001.

reatment-time interaction (F10,60 = 15.7, p < 0.0001) were signif-
cant. There were significant differences in Tskin between bats
njected PBS or LPS at 3 (p = 0.002), 5 (0.01) 7 (p = 0.002), and 9
p = 0.006) h after injection when bats were fed ad libitum,  and
t hours 3 (p = 0.03), 5 (0.01), 7 (p = 0.0001), 9 (p = 0.0003), and
1 (p = 0.006) with bats on the restricted diet (Fig. 2). Mean
LPS-PBSTskin after injection ranged from 2.1 to 3.0 ◦C in the ad libi-

um diet and from −0.3 to 2.7 ◦C in the restricted diet. Dietary
reatment had no significant effect on �LPS-PBSTskin (F1,6 = 1.7,

 = 0.2) but the effects of time (F5,30 = 3.8, p = 0.008) and the
iet-time interaction (F5,30 = 3.5, p = 0.03) on �LPS-PBSTskin were
ignificant. Mean �LPS-PBSTskin was significantly higher in the ad
ibitum (2.1 ± 0.6 ◦C) than the restricted diet (-0.3 ± 0.3 ◦C) only 1 h
fter LPS injection (p = 0.005).

esting metabolic rate

The effect of dietary treatment on post injection RMR  was not
ignificant (F1,6 = 0.001, p = 0.9), but the effects of injection treat-
ent (F1,6 = 6.1, p = 0.04), time of injection (F10,60 = 2.1, p = 0.03), and

he injection-time interaction (F10,60 = 8.5, p < 0.0001) all had signif-

cant effects on RMR  following injection. RMR  values were higher
or LPS than PBS treatment in bats fed ad libitum only at 1 (p = 0.01),

 (p = 0.02), and 5 (p = 0.001) h after the injection (Fig. 3). When bats
ere subjected to food restriction, RMR  values were higher for LPS
tis vivesi) before and after the injection of lipopolysaccharide (LPS) or phosphate
the night previous to injection. Values are mean ± s.e.m, n = 7 for each treatment.

than PBS treatment only at 1 (p = 0.04), 3 (p = 0.04), 5 (p = 0.02), 9
(p = 0.02) and 11 (p = 0.02) h after the injection (Fig. 3).

Total metabolic cost

The overall metabolic cost of the response to injection was
greater in bats injected with LPS compared to bats injected with
PBS (F1,6 = 13.9, P = 0.009), but did not differ as a function of dietary
treatment (F1,6 = 0.005, P = 0.9), nor was  there a significant inter-
action of injection type and dietary treatment (F1,6 = 0.7, P = 0.4).
There was no metabolic cost of the response to sham injection as the
metabolic response after PBS administration was not significantly
different from zero (ad libitum diet: 0.9 ± 1.0 kJ, t6 = 0.8, p = 0.4;
restricted diet: −0.2 ± 1.2 kJ, t6 = −0.1, p = 0.9). However, the cost
of the response to injection of LPS over the time frame examined
was significantly different from zero (ad libitum diet: 6.5 ± 0.7 kJ,
t6 = 9.2, p < 0.0001; restricted diet: 7.7 ±1.9 kJ, t6 = 3.4, p = 0.009).

Discussion

In contrast to our predictions, one-night of food intake restric-
tion did not affect the metabolic cost of the acute phase response

in the fish eating Myotis but it delayed the metabolic response and
the development of hyperthermia. In the following lines we  dis-
cuss our findings with respect to what has been reported in other
animals and its implications for batı́s ability to fight pathogens.
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The strength of the metabolic response of fish eating Myotis to
n LPS challenge was not affected by dietary treatment. LPS injec-
ion elicited a significant increase in metabolic rate even when food
ngestion was restricted: individual values of RMR  after LPS injec-
ion increased up to 4.2 ± 0.8 fold in the ad libitum diet and 4.4 ± 0.9
old in the restricted diet with respect to RMR  measured after PBS
njection. The effect of food restriction on RMR  after a LPS chal-
enge has been examined previously only in laboratory rats (Rattus
orvegicus; MacDonald et al., 2012). When the caloric intake of rats
as reduced to 50% during 28 days, RMR  after LPS injection did not

ncrease, and it was lower than when rats were fed ad libitum. In
ontrast to the rat study, fish eating Myotis were on a restricted
iet for only 1 night, resulting in a comparatively smaller differ-
nce in body mass between restricted and ad libidum treatment
roups (∼10% lower in food restricted bats versus ∼22% lower in
ood restricted rats). While we found no significant difference in
MR  values between dietary treatments, it appears that there was

 delay in the metabolic response when bats were on the restricted
iet. RMR  peaked on average one hour after LPS injection when bats
ere fed ad libitum and five hours after injection when bats were

ed a restricted diet. Additionally, RMR  returned to pre-injection
alues by 7 h after LPS injection on average in bats fed ad libitum,
ut remained elevated at least 11 h following injection for bats on
he restricted diet.

The total energetic cost of the immune response during the time
eriod over which it was measured was similar in bats fed ad libitum
6.5 kJ) and restricted diets (7.7 kJ), and amounted to 9.8–14.0%
f the daily energy requirements of a bat the size of fish-eating
yotis (55–66 kJ day−1; Speakman and Król, 2010). The elevated
etabolic rate observed after LPS challenge paralleled an increase

n body temperature and a greater body mass loss relative to bats
njected with PBS. Bats in both dietary treatments increased their
ody temperature after the LPS injection with respect to the control
reatment by 3.0 ± 0.7 ◦C in the ad libitum diet and by 2.7 ± 0.6 ◦C in
he restricted diet. Although hyperthermia reached the same level
n both dietary treatments, it was delayed in the restricted diet.
n contrast to bats fed ad libitum, �LPS-PBSTskin one hour after injec-
ion was approximately zero when bats were fed the restricted diet.
eak �LPS-PBSTskin values (≥ 3 ◦C) in bats fed ad libitum were reached
nly 3 h after the injection but it took 7 h to reach this value for bats
n the restricted diet. The effect of food restriction on the develop-
ent of hyperthermia after an LPS challenge has been examined in

 handful of studies mostly with model animals and it appears to
e related to the duration and level of the restriction. Laboratory
odents with 50% food restriction for 28 days developed fever but
ith a delayed onset and sustained for a shorter period than when

ed ad libitum (Radler et al., 2014). In another set of studies, fever
as suppressed in laboratory rodents under 50% food restriction for

8 days (MacDonald et al., 2011, 2014) but they developed an atten-
ated febrile response after LPS injection when exposed to shorter
eriods of food restriction (14 days; MacDonald et al., 2011, 2014),
o 25% food restriction (MacDonald et al., 2014), or when they were
tarved during 48 h (Inoue et al., 2008). In contrast to model ani-
als, food restriction (40%) over a longer period (15 weeks) did

ot affect the pyrogenic response of grey mouse lemur (Microcebus
urinus) over the 1st day after the LPS challenge (Canale and Henry,

011). The physiological bases behind the delay in the pyrogenic
esponse of food-restricted fish eating Myotis might result from the
own-regulation of pro-inflammatory pathways and the intensifi-
ation of anti-inflammatory pathways as suggested for laboratory
odents (MacDonald et al., 2011).

Bats subjected to both dietary treatments lost more body mass

ollowing LPS injection compared to when PBS was  administered.
owever, body mass loss after LPS injection was 1.4 times in bats on

he ad libitum diet (−2.3 ± 0.2 g or −7.9 ± 0.6%) than when fed the
estricted diet (−1.5 ± 0.2 g, or −5.6 ± 0.5%). Higher body mass loss
an Biology 82 (2017) 41–47

after an LPS challenge on animals fed ad libitum have been found
in model animals and it seems to be related to the attenuation of
the pyrogenic response when diet is restricted. For example, body
mass loss was  2.5–4 times greater in laboratory mice and 3 times
greater in laboratory rats fed ad libitum than when fed restricted
diets that attenuated or cancelled the febrile response (MacDonald
et al., 2011, 2012). Given that the total caloric cost after the LPS
challenged was  not significantly different between fishing Myotis
on different diets, it is not clear to what extent the slightly lower
body mass loss when fed the restricted diet was the result of the
delayed pyrogenic response.

Short term restriction of food intake might compromise resis-
tance to pathogens (Robertson and Mitchell, 2013). In particular,
elevation of body temperature is associated with reduced disease
duration and improved survival in most animals (Blatteis, 2003).
Therefore, the effect of food restriction in delaying the hyperther-
mia  development in the fish eating Myotis might be important for
its capacity to fight pathogens. Our study simulated food restric-
tion over a short period but individuals of fish-eating Myotis might
remain torpid in their roosts for several consecutive days with no
food ingestion (Salinas R. et al., 2014). Torpor reduces the num-
ber of circulating leukocytes and the production of cytokines, and
probably compromises bat immune response (Bouma et al., 2010).
For example, when mice are subjected to food restriction over long
periods (∼20 weeks) they are more susceptible to infection by
intact pathogens (Kristan, 2008). On the other hand, torpor is an
energy saving mechanism that might be interrupted when animals
are exposed to an infection. For example, torpor was  absent when
LPS was  administered to grey mouse lemur (Microcebus murinus)
maintained on ad libitum and restricted diets (40% caloric restric-
tion) during several weeks (Canale and Henry, 2011). Interruption
of torpor in hibernating bats as a result of pathogen infection might
be detrimental for their survival as found in little brown Myotis
(M. lucifugus) infected with Pseudogymnoascus destructans (Lilley
et al., 2016). Torpor interruption during pathogen infections might
also affect antioxidant activity. Antioxidant defenses increase in
torpid bats (Filho et al., 2007) but frequent arousals from torpor
due to infection might deplete antioxidants (Moore et al., 2013).
Finally, recent work shows that in addition to quantity, quality
of food is fundamental for immune response. For example, tree
swallows (Tachycineta bicolor) have stronger immune response
when fed diets supplemented with omega-3 long-chain polyun-
saturated fatty acids (LCPUFA; Twininga et al., 2016). Aquatic prey
had higher LCPUFA content than terrestrial preys and the strength
of the immune response of the fish eating Myotis bats might be
affected by the extent to which it preys on aquatic versus terrestrial
items (Otálora-Ardila et al., 2013). Future work is needed to assess
the effect of longer periods of food restriction (both in quantitative
and qualitative terms) on bat immune response and in particular
regarding the effect of pyrogenic infections on their use of torpor.
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siążek, A., Konarzewski, M.,  2012. Effect of dietary restriction on immune
response of laboratory mice divergently selected for basal metabolic rate.

Physiol. Biochem. Zool. 85, 51–61, http://dx.doi.org/10.1086/663696.

ee, K.A., Martin, L.B., Wikelski, M.C., 2005. Responding to inflammatory challenges
is  less costly for a successful avian invader, the house sparrow (Passer
domesticus), than its less-invasive congener. Oecologia 145, 243–250, http://
dx.doi.org/10.1007/s00442-005-0113-5.
an Biology 82 (2017) 41–47 47

Lighton, J.R.B., 2008. Measuring Metabolic Rates: a Manual for Scientists. Oxford
University Press, Oxford, New York.

Lilley, T.M., Johnson, J.S., Ruokolainen, L., Rogers, E.J., Wilson, C.A., Schell, S.M.,
Field, K.A., Reeder, D.M., 2016. White-nose syndrome survivors do not exhibit
frequent arousals associated with Pseudogymnoascus destructans infection.
Front. Zool. 13, 12, http://dx.doi.org/10.1186/s12983-016-0143-3.

MacDonald, L., Radler, M.,  Paolini, A.G., Kent, S., 2011. Calorie restriction attenuates
LPS-induced sickness behavior and shifts hypothalamic signaling pathways to
an  anti-inflammatory bias. Am. J. Physiol. Regul. Integr. Comp. Physiol. 301,
R172–R184, http://dx.doi.org/10.1152/ajpregu.00057.2011.

MacDonald, L., Begg, D., Weisinger, R.S., Kent, S., 2012. Calorie restricted rats do not
increase metabolic rate post-LPS, but do seek out warmer ambient
temperatures to behaviourally induce a fever. Physiol. Behav. 107, 762–772,
http://dx.doi.org/10.1016/j.physbeh.2012.06.009.

MacDonald, L., Hazi, A., Paolini, A.G., Kent, S., 2014. Calorie restriction
dose-dependently abates lipopolysaccharide-induced fever, sickness behavior,
and circulating interleukin-6 while increasing corticosterone. Brain Behav.
Immun. 40, 18–26, http://dx.doi.org/10.1016/j.bbi.2014.01.005.

Marais, M.,  Maloney, S.K., Gray, D.A., 2011. The metabolic cost of fever in Pekin
ducks. J. Therm. Biol. 36, 116–120, http://dx.doi.org/10.1016/j.jtherbio.2010.
12.004.

Martin II, L.B., Hasselquist, D., Wikelski, M.,  2006. Investment in immune defense is
linked to pace of life in house sparrows. Oecologia 147, 565–575, http://dx.doi.
org/10.1007/s00442-005-0314-y.

Martin, L.B., Weil, Z.M., Kuhlman, J.R., Nelson, R.J., 2006. Trade-offs within the
immune systems of female white-footed Mice, Peromyscus leucopus. Funct.
Ecol. 20, 630–636, http://dx.doi.org/10.1111/j.1365-2435.2006.01138.x.

Moore, M.S., Reichard, J.D., Murtha, T.D., Zahedi, B., Fallier, R.M., Kunz, T.H., 2011.
Specific alterations in complement protein activity of little brown Myotis
(Myotis lucifugus) hibernating in white-nose syndrome affected sites. PLoS One
6,  e27430, http://dx.doi.org/10.1371/journal.pone.0027430.

Moore, M.S., Reichard, J.D., Murtha, T.D., Nabhan, M.L., Pian, R.E., Ferreira, J.S., Kunz,
T.H., 2013. Hibernating little brown Myotis (Myotis lucifugus) show variable
immunological responses to white-nose syndrome. PLoS One 8, e58976, http://
dx.doi.org/10.1371/journal.pone.0058976.

Munshi-South, J., Wilkinson, G.S., 2010. Bats and birds: exceptional longevity
despite high metabolic rates. Ageing Res. Rev. 9, 12–19, http://dx.doi.org/10.
1016/j.arr.2009.07.006.

Nelson, R.J., Demas, G.E., 1996. Seasonal changes in immune function. Q.  Rev. Biol.
71,  511–548.

Norris, K., Evans, M.R., 2000. Ecological immunology: life history trade-offs and
immune defense in birds. Behav. Ecol. 11, 19–26.

Otálora-Ardila, A., Herrera M,  L.G., Flores-Martínez, J.J., Voigt, C.C., 2013. Marine
and terrestrial food sources in the diet of the fish-eating Myotis (Myotis vivesi).
J.  Mammal. 94, 1102–1110, http://dx.doi.org/10.1644/12-MAMM-A-281.1.

Radler, M.E., Hale, M.W.,  Kent, S., 2014. Calorie restriction attenuates
lipopolysaccharide (LPS)-induced microglial activation in discrete regions of
the hypothalamus and the subfornical organ. Brain Behav. Immun. 38, 13–24.

Ricklefs, R.E., Wikelski, M.,  2002. The physiology/life-history nexus. Trends Ecol.
Evol. 17, 462–468.

Robertson, L.T., Mitchell, J.R., 2013. Benefits of short-term dietary restriction in
mammals. Exp. Gerontol. 48, 1043–1048, http://dx.doi.org/10.1016/j.exger.
2013.01.009.

Salinas R, V.B., Herrera M,  L.G., Flores-Martínez, J.J., Johnston, D.S., 2014. Winter
and summer torpor in a free-ranging subtropical desert bat: the fishing Myotis
(Myotis vivesi). Acta Chirop. 16, 327–336, http://dx.doi.org/10.3161/
150811014X687288.

Speakman, J.R., Król, E., 2010. Maximal heat dissipation capacity and hyperthermia
risk: neglected key factors in the ecology of endotherms. J. Anim. Ecol. 79,
726–746, http://dx.doi.org/10.1111/j.1365-2656.2010.01689.x.

Twininga, C.W., Brennab, J.B., Lawrenceb, P., Shipleya, J.R., Tollefsonc, T.N.,
Winklera, D.W., 2016. Omega-3 long-chain polyunsaturated fatty acids support
aerial insectivore performance more than food quantity. Proc. Natl. Acad. Sci.
U.  S. A. 113, 10920–10925, http://dx.doi.org/10.1073/pnas.1603998113.

Welch, K.C., Otalora-Ardila, A., Herrera M,  L.G., Flores-Martinez, J.J., 2015. The cost
of  digestion in the fish-eating Myotis (Myotis vivesi). J. Exp. Biol. 218,
1180–1187, http://dx.doi.org/10.1242/jeb.115964.

Xu,  D.-L., Wang, D.-H., 2010. Fasting suppresses T cell-mediated immunity in
female Mongolian gerbils (Meriones unguiculatus). Comp. Biochem. Physiol. A
Mol. Integr. Physiol. 155, 25–33, http://dx.doi.org/10.1016/j.cbpa.2009.09.003.

Zeiles, A., Grothendieck, G., 2005. Zoo: S3 infrastructure for regular and irregular

time series. J. Stat. Softw. 14, 1–27.

Zysling, D.A., Garst, A.D., Demas, G.E., 2009. Photoperiod and food restriction
differentially affect reproductive and immune responses in Siberian hamsters
Phodopus sungorus. Funct. Ecol. 23, 979–988, http://dx.doi.org/10.1111/j.1365-
2435.2009.01572.x.

dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
dx.doi.org/10.2478/v10136-012-0029-4
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0010
dx.doi.org/10.1086/346134
dx.doi.org/10.1086/346134
dx.doi.org/10.1086/346134
dx.doi.org/10.1086/346134
dx.doi.org/10.1086/346134
dx.doi.org/10.1086/346134
dx.doi.org/10.1086/346134
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0020
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1152/ajpregu.00238.2003
dx.doi.org/10.1242/jeb.027011
dx.doi.org/10.1242/jeb.027011
dx.doi.org/10.1242/jeb.027011
dx.doi.org/10.1242/jeb.027011
dx.doi.org/10.1242/jeb.027011
dx.doi.org/10.1242/jeb.027011
dx.doi.org/10.1242/jeb.027011
dx.doi.org/10.1242/jeb.027011
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0035
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0040
dx.doi.org/10.1242/jeb.037887
dx.doi.org/10.1242/jeb.037887
dx.doi.org/10.1242/jeb.037887
dx.doi.org/10.1242/jeb.037887
dx.doi.org/10.1242/jeb.037887
dx.doi.org/10.1242/jeb.037887
dx.doi.org/10.1242/jeb.037887
dx.doi.org/10.1242/jeb.037887
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1111/j.1365-2656.2011.01813.x
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1016/j.cbpc.2006.11.015
dx.doi.org/10.1093/icb/icp032
dx.doi.org/10.1093/icb/icp032
dx.doi.org/10.1093/icb/icp032
dx.doi.org/10.1093/icb/icp032
dx.doi.org/10.1093/icb/icp032
dx.doi.org/10.1093/icb/icp032
dx.doi.org/10.1093/icb/icp032
dx.doi.org/10.1093/icb/icp032
dx.doi.org/10.1007/s003600050203
dx.doi.org/10.1007/s003600050203
dx.doi.org/10.1007/s003600050203
dx.doi.org/10.1007/s003600050203
dx.doi.org/10.1007/s003600050203
dx.doi.org/10.1007/s003600050203
dx.doi.org/10.1007/s003600050203
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1111/j.1600-048X.2011.05323.x
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1152/ajpregu.90335.2008
dx.doi.org/10.1086/680168
dx.doi.org/10.1086/680168
dx.doi.org/10.1086/680168
dx.doi.org/10.1086/680168
dx.doi.org/10.1086/680168
dx.doi.org/10.1086/680168
dx.doi.org/10.1086/680168
dx.doi.org/10.1242/jeb.079574
dx.doi.org/10.1242/jeb.079574
dx.doi.org/10.1242/jeb.079574
dx.doi.org/10.1242/jeb.079574
dx.doi.org/10.1242/jeb.079574
dx.doi.org/10.1242/jeb.079574
dx.doi.org/10.1242/jeb.079574
dx.doi.org/10.1242/jeb.079574
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1007/s11357-008-9056-1
dx.doi.org/10.1086/663696
dx.doi.org/10.1086/663696
dx.doi.org/10.1086/663696
dx.doi.org/10.1086/663696
dx.doi.org/10.1086/663696
dx.doi.org/10.1086/663696
dx.doi.org/10.1086/663696
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
dx.doi.org/10.1007/s00442-005-0113-5
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0105
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1186/s12983-016-0143-3
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1152/ajpregu.00057.2011
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.physbeh.2012.06.009
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.bbi.2014.01.005
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1016/j.jtherbio.2010.12.004
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1007/s00442-005-0314-y
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1111/j.1365-2435.2006.01138.x
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0027430
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1371/journal.pone.0058976
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
dx.doi.org/10.1016/j.arr.2009.07.006
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0160
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0165
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
dx.doi.org/10.1644/12-MAMM-A-281.1
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0175
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0180
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.1016/j.exger.2013.01.009
dx.doi.org/10.3161/150811014X687288
dx.doi.org/10.3161/150811014X687288
dx.doi.org/10.3161/150811014X687288
dx.doi.org/10.3161/150811014X687288
dx.doi.org/10.3161/150811014X687288
dx.doi.org/10.3161/150811014X687288
dx.doi.org/10.3161/150811014X687288
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1111/j.1365-2656.2010.01689.x
dx.doi.org/10.1073/pnas.1603998113
dx.doi.org/10.1073/pnas.1603998113
dx.doi.org/10.1073/pnas.1603998113
dx.doi.org/10.1073/pnas.1603998113
dx.doi.org/10.1073/pnas.1603998113
dx.doi.org/10.1073/pnas.1603998113
dx.doi.org/10.1073/pnas.1603998113
dx.doi.org/10.1073/pnas.1603998113
dx.doi.org/10.1242/jeb.115964
dx.doi.org/10.1242/jeb.115964
dx.doi.org/10.1242/jeb.115964
dx.doi.org/10.1242/jeb.115964
dx.doi.org/10.1242/jeb.115964
dx.doi.org/10.1242/jeb.115964
dx.doi.org/10.1242/jeb.115964
dx.doi.org/10.1242/jeb.115964
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
dx.doi.org/10.1016/j.cbpa.2009.09.003
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
http://refhub.elsevier.com/S1616-5047(16)30162-8/sbref0215
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x
dx.doi.org/10.1111/j.1365-2435.2009.01572.x

	The effect of short-term food restriction on the metabolic cost of the acute phase response in the fish-eating Myotis (Myo...
	Introduction
	Material and methods
	Animal care and housing
	Experimental procedures
	Immune challenge
	Respirometry and experimental design
	Data analysis

	Results
	Body mass changes
	Skin and chamber temperature
	Resting metabolic rate
	Total metabolic cost

	Discussion
	Funding
	Acknowledgements
	References


