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Abstract One of the most obvious physiological changes
accompanying seasonal heterothermy in mammals is a fat-
tening stage preceding periods of resource scarcity. This
phenomenon reflects the interplay of both diet and physiol-
ogy. Though the accrual of fat stores is known to be essen-
tial for overwintering in some species, the influence of diet
on the physiology of torpor is not fully understood. Results
from captive studies in heterothermic rodents and marsu-
pials have indicated that when autumn diets are enriched
with polyunsaturated fatty acids (PUFAs), animals receiv-
ing these diets experience deeper and more frequent torpor
bouts than their counterparts receiving a control diet. Our
study investigates this potential effect of dietary composi-
tion in animals that use daily torpor rather than prolonged
torpor (i.e., hibernation). In so doing, we investigate the
degree to which dietary effects on torpor are restricted to
cold-adapted rodents and marsupials, or are a more gen-
eral feature of mammalian heterothermy. We examined the
effects of a PUFA diet and a control diet on the thermoreg-
ulation of one of the few species of primates known to use
daily torpor: the grey mouse lemur (Microcebus murinus).
Though the results of this study are largely inconclusive
regarding the impact of dietary manipulations on torpor
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frequency and duration, we nonetheless find that the pro-
pensity of animals to enter torpor is directly influenced by
age and seasonal changes in body mass, and thus reflect
important physiological aspects of flexible thermoregula-
tory responses.

Keywords Torpor - Heterothermy - Polyunsaturated fatty
acids (PUFAs) - Grey mouse lemur - Microcebus murinus

Introduction

Hibernation and daily torpor are among the most extreme
adaptations of endothermic mammals to energetic demands
posed by the environment (Boyer and Barnes 1999; Carey
et al. 2003; Heldmaier et al. 2004). The hibernation sea-
son is defined by multiple torpor bouts punctuated by brief
periods of rewarming known as interbout arousals. If a tor-
por bout lasts longer than 24 h, we classify it as prolonged
torpor, or hibernation; in contrast, torpor bouts that last less
than 24 h are known as daily torpor or daily heterothermy.
Torpor bouts are characterized by regulated metabolic
depression and body temperatures that approximate ambi-
ent. During torpor, body temperature differentials between
euthermic and torpid states can range from 25 to 40° C for
animals that use hibernation. For daily heterotherms, how-
ever, this differential is usually much smaller (Geiser and
Ruf 1995, 2015). These temperature fluctuations impact
whole animal physiology in numerous ways, especially
regarding metabolic changes impacting energy budgets.
For animals that use prolonged torpor or hibernation,
it is well known that large amounts of stored fat reserves
are important for successful hibernation to occur. Accu-
mulating evidence suggests that not only the direct effects
of quantity, but also the indirect effects of quality of fat
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accrued which has energetic advantages (Florant 1998;
Dark 2005). Studies involving multiple hibernating rodent
species and hibernating marsupial species have concluded
that a diet enriched with high levels of polyunsaturated
fatty acids (PUFAs) has positive effects on both the fre-
quency of torpor bouts, as well as the duration of torpor
bouts (Geiser and Kenagy 1987; Geiser 1990; Frank 1991,
1992; Geiser et al. 1992, 1994; Florant et al. 1993; Thorp
et al. 1994; Harlow and Frank 2001; Corn 1997, Frank and
Storey 1996; but see Bartness et al. 1991; Contreras et al.
2014). Or, in other words, these studies indicate that ani-
mals fed a diet rich in PUFAs had longer bouts of torpor
and maintained lower body temperatures than animals fed
a control diet. PUFAs, which cannot be synthesized by
mammals, and must be ingested via diet, are incorporated
into fat reserves and cellular membranes. Due to a higher
unsaturation index, fat reserves containing greater amounts
of PUFAs melt at correspondingly lower temperatures rela-
tive to typical mammalian fat (~30° C; Florant 1998; Gun-
stone et al. 1986), making them more readily available for
energy conversion. For hibernating species, this is espe-
cially important, because body temperatures are lowered
significantly during torpor bouts, and fat reserves, as the
sole fuel source available during hibernation, are thought
to remain fluid to be accessible for fueling metabolism
(Florant 1998). In addition, cellular and subcellular mem-
branes of adipocytes and other cells are also hypothesized
to remain fluid during torpor to allow for normal activity of
transmembrane proteins (Munro and Thomas 2004).

Hibernating species can extend torpor bouts for up to 2
weeks at a time, making the necessity of increasing lipid
fluidity through PUFAs apparent in these species. For ani-
mals that express daily torpor, however, the temporal pat-
tern of torpor bouts can be varied. In contrast to hiberna-
tors, daily heterotherms experience euthermia for at least
part of the day (Geiser and Ruf 1995) and, therefore,
require optimal physiological functioning at both high and
low body temperatures, rapidly transitioning between the
two states. To determine whether the same relationship
holds true to those observed in hibernators, several studies
have attempted to clarify the relationship of dietary fatty
acids to thermoregulation in daily heterotherms. For exam-
ple, studies done on rodent and marsupial species [deer
mouse (Peromyscus maniculatus; Geiser 1991), Djungarian
hamster (Phodopus sungorus; Geiser and Heldmaier 1995;
Hiebert et al. 2000; Diedrich et al. 2014), and stripe-faced
dunnart (Sminthopsis macroura; Withers et al. 1996)] also
suggest that PUFA-rich diets have a positive influence on
torpor patterns in daily heterotherms.

Another factor that remains less well studied is choles-
terol’s impact thermoregulation in heterotherms. Choles-
terol has been shown to impact both lipid concentration and
steroid hormone concentration (Geiser et al. 1997) which
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can, in turn, contribute to higher cellular membrane fluidity
(Munro and Thomas 2004). Geiser et al. (1997) conducted
a study in which they manipulated the dietary cholesterol in
chipmunks (7. amoenus) preceding seasonal heterothermy.
The study reveals that study animals on high cholesterol
diets had significantly lower T, metabolic rates, and longer
torpor bouts than the control animals fed lower portions
of dietary cholesterol. How dietary composition relates to
torpor patterns in daily heterotherms remains poorly under-
stood, but is an area rich for investigation.

The grey mouse lemur (Microcebus murinus) endemic
to Madagascar, another heterothermic mammal, belongs to
one of the few groups of primates that employ torpor as an
energy saving strategy (Ortmann et al. 1997; Schmid 2001).
These small (50-95 g), nocturnal tropical primates display
torpor behavior during the austral winter during intense
periods of resource scarcity (Ortmann et al. 1997). In
response, mouse lemurs in natural populations enter peri-
ods of inactivity that can range from a few hours to multi-
day torpor bouts (i.e. hibernation or prolonged torpor; Ort-
mann et al. 1997; Schiilke and Ostner 2007; Schmid and
Ganzhorn 2009). In captivity, however, mouse lemurs have
a tendency to restrict torpor bouts to less than 24 h (Genin
and Perret 2003).

Although there is convincing evidence that dietary
PUFAs and cholesterol may affect thermoregulation, more
research on phylogenetically diverse species is warranted
to ascertain whether there are general effects or consider-
able species-dependent differences. To our knowledge,
studies concerning the impacts of diet manipulation on
the physiology of torpor in mouse lemurs and other tropi-
cal heterotherms are rare. Using a captive colony of mouse
lemurs housed at the Duke Lemur Center (DLC), USA, this
study aims to answer the following questions: Do dietary
fatty acids influence the frequency and duration of torpor
bouts? What is cholesterol’s role in thermoregulation? And
if not dietary effects, what factor or factors are most likely
to contribute to the variation seen in thermoregulatory strat-
egies among captive mouse lemurs?

Materials and methods
Study animals

Ten adult (1-5-year-old) male grey mouse lemurs (Micro-
cebus murinus), born to the breeding colony at DLC, were
used in this study. The study was conducted from Septem-
ber to December in the years 2013 and 2014 (hereafter
referred to as year one and year two, respectively). To mini-
mize social influences and allow accurate determination of
amount of diet consumed during the study, animals were
caged separately in a climate-controlled ‘“hibernaculum,”
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but allowed visual and auditory access to other individu-
als. Cage location within the hibernaculum and relative
humidity were kept constant for the duration of the study,
and animals were maintained under North Carolina pho-
toperiods that were reduced every 2 weeks to mimic the
transition from fall to winter (Fig. 1). We acknowledge that
this differs from the animals’ native habitat in Madagascar
(see Table S1). To aid in animal care, which occurs during
the morning hours, light cycles are reversed, so that lights
go off at 1200 h daily, with the time of lights on modi-
fied every 2 weeks to get desired light—dark (LD) cycles
(between 2130 and 0230).

Fattening phase

Mouse lemurs in natural populations exhibit seasonal fat-
tening in the tail and hind legs in preparation for periods
of resource scarcity (Ortmann et al. 1997; Atsalis 1999;
Schmid 1999; Kobbe et al. 2011), and use those fat reserves
when food resources become scarce. This cyclic weight
gain and loss are governed by an endogenous rhythm that
is, in turn, entrained by photoperiod (Perret et al. 1998;
Aujard et al. 1998; Seguy and Perret 2004). Consequently,
we can replicate body mass changes in captivity using a
regulated photoperiodic regimen.

During the 2-month period before torpor behavior typi-
cally begins (mid-September to mid-November), animals
were divided into two groups that were balanced for age and
body mass at the start of year one and fed an “autumn” diet
(see Table S2 for animal ages and diet treatments between
the two years); in year one, group one was fed an experi-
mental diet containing chow enriched with 10% linoleic
acid (safflower oil, rich in PUFAs, and lower in choles-
terol) and group 2 received a diet with an isocaloric con-
trol chow (higher in saturated fatty acids and cholesterol).
These two types of chow varied in fatty acid and cholesterol

/
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o

Table 1 Composition of experimental diets

\
N

PUFA diet (%) Control diet (%)

Linoleic acid 10.00 2.34
y-Linolenic acid 0.18 0.14
Arachidonic acid 0.00 0.01
Omega-3 fatty acids 0.10 0.24
Total monounsaturated fatty acids ~ 1.83 5.53
Total saturated fatty acids 1.51 5.03
Cholesterol (ppm) 40 204

Protein (%) 15.6 15.6

Fiber (%) 4.8 4.8

Energy (kcal/g) 3.87 3.87

composition and were custom-formulated by the TestDi-
ets Division of Purina Mills (Table 1). Diets were supple-
mented with a fruit and vegetable mix that remained con-
stant across individuals and across years. Diet amounts were
determined by DLC veterinarians at the start of year one,
adjusted accordingly based upon body mass of each indi-
vidual animal, but equal across matched pairs of animals.
Animals were fed their assigned diets for 8 weeks to allow
fatty acids to be incorporated into depot fats, ensuring any
effect on torpor would be seen. Eight weeks was chosen as
the standard for how the previous studies concerning dietary
fatty acids and torpor have been conducted (e.g. Geiser and
Kenagy 1987; Geiser 1990; reviewed in Munro and Thomas
2004). Furthermore, a study done by Florant et al. (1993)
demonstrates that after 8 weeks of diet treatment, fatty acid
composition of WAT mirrors the composition of the food
that the animals had ingested during that time frame, and
Frank (2002) shows these changes can be seen in as little as
19 days.

During year two, each group received the opposite diet
from the previous year, so that each animal served as its
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own control. Quantity of diet items fed was based on each
individual’s body weight at the beginning of the study and
water was provided ad libitum throughout the study period.
In year two, the same diet amount was fed to each individ-
ual to reduce variability from year to year. Throughout the
entire fattening phase, ambient temperature (7,) was kept
at 25 °C.

Torpor phase

In mid-November, we reduced caloric intake by 20% to
simulate a natural reduction in food resources (“winter”
diet). Day length was reduced to LD10:14, and ambient
temperatures were lowered to 20 °C to induce torpor behav-
ior. It has been well documented in the literature that this
is an appropriate photoperiod and ambient temperature in
which torpor can occur in captive M. murinus (Aujard et al.
1998; Genin and Perret 2000; Giroud et al. 2008). Indeed,
in their native environments, wild mouse lemurs experience
winter temperatures ranging from 6 to 20 °C, and enter tor-
por throughout this range (Ortmann et al. 1997; K. Daus-
mann, pers. comm.). Historically, mouse lemurs at DLC
have displayed torpor behavior after experiencing reduced
day length, even in the absence of temperature reduction.
However, lowered 7, and reduced caloric intake have been
shown to amplify torpor behavior in mouse lemurs (Giroud
et al. 2008; DLC staff; pers. comm.).

Animals were fitted with temperature-sensitive collars to
monitor skin temperature (T,) in hourly intervals through-
out the duration of the torpor period. T is routinely used
as a proxy for core body temperature and using external
temperature-sensitive collars is a non-invasive alternative
to implanted transmitters (Dausmann 2005; Geiser et al.
2007). Temperature-sensitive transmitters placed in contact
with the skin have been shown to provide a reliable index
of core body temperature with accuracy usually around
2 °C (Munro et al. 2005). Our collars were modified iBut-
ton data loggers (model: DS1922L) attached to wire col-
lars coated with plastic tubing and weighed less than 1 g.

A 40
35
S 30
25
20
15 -
B 0
35
S 30 4
+ 25
20 T
15 |

Day 0 Day 4 Day 8 Day 12 Day 16 Day 20 Day 24

Fig. 2 T, recording traces from two representative animals on a
PUFA diet in year one; b control diet in year two; ¢ PUFA diet in
year one; and d control diet in year two. These T, traces demonstrate
the remarkable variability in torpor patterns that we find. In b, Arrow
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The range of body mass for our study animals for both
years combined was 62—-119 g; thus, collar weight is well
under the upper limits for safety. This is typically deter-
mined by the upper threshold of 5% of an animals’ body
weight (Dausmann 2005). A torpor bout was defined as
Ty <33 °C for at least 6 h with a depth of at least 30 °C for
at least 2 consecutive hours. The threshold of 33 °C was
based on the bimodal distribution of minimum body tem-
perature values recorded for mouse lemurs (Ortmann et al.
1997; Genin and Perret 2003) and the observation that in
the active state, mouse lemurs never show T, lower than
33 °C at DLC (unpub. data). While testing for collar safety
in June of 2012, we determined average euthermic T for
an active mouse lemur during a 2-week trial. At a T, of
25.5 £ 0.76 °C, average T is 35.6 = 0.81 °C, which is
comparable with euthermic T, recorded from free-ranging
mouse lemurs in western Madagascar (36.3 °C; Schmid
2001). These data were not included in our study, as we
tested the collar on only one individual during the active
season.

T, profiles during the torpor phase

All Ty data were analyzed using a program written in-
house that extracted torpor bout information from the
logged time and T recordings. Figure 2 shows a repre-
sentative body temperature recording logged during study
period in both year one while receiving a PUFA diet (panel
a) and year two while on a control diet (panel b) and in a
second representative animal in year one on a PUFA diet
(panel c¢) and year two while on a control diet (panel d).
Two collars failed to record during year two leaving us with
a total of 18 body temperature recordings from years one
(n = 10) and two (n = 8) for data analysis.

To merge the data collected in year one and year two, the
dates were transformed from the calendar date to the num-
ber of days after 7, was lowered to 20 °C to initiate torpor,
which was defined as day zero. We extracted the total num-
ber of torpor bouts (i.e., frequency) and duration of each
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on the left indicates a decrease in T that would not be counted as
a torpor bout, as Ty does not reach below 30 °C for 2 consecutive
hours. Arrow on the right marks a clear torpor bout, as defined by our
study parameters
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torpor bout during the study period. Mean frequency and
duration of torpor bouts for each individual were calculated
from all recorded torpor bouts, and the percentage of time
that animals spent in torpor was calculated by dividing the
total time spent in torpor by the entire length of T}, record-
ings. These metrics were used as measures of the degree of
expression of torpor and allowed for comparisons between
diet groups, as well as between years when appropriate.
In addition, we also report the shortest and longest torpor
bouts and the minimum 7 recorded in any individual dur-
ing our study. Our program also allowed us to extract infor-
mation regarding the timing of daily entrance into torpor
to test whether entrance into torpor showed a clear daily
rhythm.

Body weight changes and food intake measurements

Animals were weighed weekly during the entire study
period for both years and food intake was recorded daily
to determine the total daily consumption of each food type
and to test whether or not animals showed a preference for
diet type.

Data analysis

All statistical analyses were done in R (version 3.2.3; R
Core Team 2015). Differences in the occurrence frequency
and duration of torpor bouts between experimental groups
were assessed using paired ¢ tests after a manual trimming
of data to normalize length of recording. The recording
period for year one and year two differed by 3 days. The
longer recording period (year one) was trimmed to match
the same number of days as year two, relative to the begin-
ning of the period of lowered T,. We also used a binomial
family generalized linear mixed model which modeled the
data at the level of individual days, where days were used
as repeated measurements within an observation period.
To determine how covariates impacted frequency of torpor
bouts, data were coded, so that a torpor bout occurring on a
given day was a binary event (0 = no and 1 = yes). We also
used a linear mixed model to assess study factors’ impacts
on torpor bout duration. Rhythmicity of torpor bouts was
evaluated using the circular statistical package in R (Circ-
Stats, version 0.2-4). Specifically, the Rayleigh test was
used to assess the uniformity of time at the first entrance of
torpor for each torpor bout occurrence, as well as to deter-
mine the uniformity of time regarding emergence from
torpor bouts. A significant p value (<0.05) indicates that
the entrance and emergence times were not uniformly dis-
tributed throughout the 24-h day (i.e., animals tended not
to enter torpor at specific times). Food intake values were
normalized using percentage of food consumed daily; per-
centage values were arcsine-transformed before testing for

differences in consumption using a paired ¢ test. Numerical
values are expressed as means =+ standard deviation (SD).

Results

T,

<« profiles during the torpor phase

All individuals across both diet groups and both years
experienced at least one torpor bout during the torpor phase
when T, was lowered to 20°C, photoperiod was reduced to
LD10:14, and calories were restricted. The mean frequency
of torpor bouts for all individuals across both years was
10.3 £ 6.5 occurrences (n = 18). The highest number of
torpor bouts recorded was 27 in a single animal extracted
from both years of combined data, while the lowest was
observed in one individual that entered torpor only once
in year one. The distribution of torpor frequencies was
bimodal. In other words, while some individuals are prone
to readily and frequently enter torpor, others are torpor-
averse (Fig. 3). The mean torpor bout duration was 8 £ 3 h
for all individual recordings combined. The longest bout
was 22 h and the shortest was 6 h. In year one of the study,
our hibernaculum experienced a malfunctioning heating
system that resulted in 7, dropping to as low as 12 °C for
36 h. This incidence allowed us to record the lowest T
observed. While the majority of the individuals continued
to defend T at near euthermic levels, one animal had a
recorded Ty of 14.5 °C during that time frame.

Diet does not influence mean torpor bout frequency or
mean torpor bout duration

There were no significant differences in either mean dura-
tion or mean frequency of torpor bouts when comparing
animals fed PUFA diets and animals receiving a control
diet. This is due to extreme variation and lack of consist-
ency in torpor patterns between diet groups, as well as
between years (Fig. 4; Fig. S1). We also observed large

Frequency
2

. |
T T \ T T \ T T T 1
0O 3 6 9 12 15 18 21 24 27

Number of bouts

Fig. 3 Frequency distribution showing trends in torpor usage during
the study. Number of torpor bouts was tallied from total T, record-
ings for both years (n = 18)
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Fig. 4 Torpor bout frequency and duration of bouts in captive grey
mouse lemurs by treatment and year. a Frequency of torpor bouts
between diets; b duration of torpor bouts between diets; ¢ fre-
quency of torpor bouts between years; and d duration of torpor bouts
between years. Medians are indicated by black lines, and data outliers
are indicated by open circles. All p values = n.s

variations in torpor depth and duration within the same
animal throughout the study period, with neither metric
correlating to diet or year effects (an example can be seen
in Fig. 2; panels b, c¢). After removing the two individuals
that had collar failures in year two and conducting paired
t tests on the remaining eight animals, we found that the
mean frequency of torpor bouts was not significantly differ-
ent between animals on PUFA diets (n = 8) or the control
diet (n = 8; p = 0.39; ¢ test; Fig. 4, panel a). Similarly, the
mean duration of torpor bouts observed was not signifi-
cantly different between the two diet groups (p = 0.79; ¢
test; Fig. 4, panel b). There was no significant difference
between groups in total hours spent in torpor (p = 0.37; ¢
test), or total percentage of time spent in torpor (p = 0.38;
t test). Finally, there was no significant difference in mean
frequency of torpor bouts or mean torpor bout dura-
tion observed between years (Fig. 4; panels ¢ (frequency;
p = 0.18; t test) and d (duration; p = 0.09; ¢ test)).

Torpor patterns are likely influenced by differences
in body mass

Because of the extreme variation in torpor bout frequency
and duration that cannot be explained by diet or by year,
binomial family generalized linear mixed models (for
frequency of torpor bouts) and linear mixed models (for
duration of torpor bouts) were used to fit the data with
added study factors allowing us to consider the impact of
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variables, such as body mass, rate of weight loss, average
daily ambient temperature (7,), hibernaculum location,
breeding pre-study and post-study, offspring sired, and age.
In addition, many traces show a gradual increase in tor-
por usage after the beginning of the torpor phase. In other
words, they tend to enter torpor more frequently towards
the end of the recording period (again, see Fig. 2, panels b,
¢). This is characteristic of the torpor patterns documented
in many heterothermic mammals (Geiser et al. 1990; Held-
maier et al. 2004). Therefore, we used R package Ime4
(Bates et al. 2015) to investigate the relationship between
torpor bout frequency and study factors, with day as a
random effect (i.e., each day was included as a repeated
effect). An additional intercept was included for animal ID.
Fixed effects were entered for diet, year, T,, hibernaculum
location, weight, and daily weight fluctuation (i.e., rate of
weight loss, in most cases, although two animals did gain
a slight amount of weight during 1 week of the torpor
phase). Daily weight was extrapolated from rate of weekly
change, so that this variable matched the other variables in
terms of time units measured. Our extrapolation assumed
that weight loss occurred at a steady rate over the 7-day
period in between weighing. Breeding and offspring were
also included as binary events (i.e., breeding, no = 0 and
yes = 1; offspring, no = 0 and yes = 1). We ran our mod-
els with interaction terms for diet and weight (weight*diet),
and without the interaction term, and compared the mod-
els using a likelihood ratio test. There was no interaction
between diet and weight (x%(2) = 4.31, p = 0.12), so these
were included as distinct effects. We also tested age as a
factor, first confirming that age and year were not signifi-
cantly interdependent variables (xX 1) = 0.03, p = 0.8),
and including these as distinct effects in our model. Visual
inspection of residual plots did not reveal any obvious devi-
ations from homoscedasticity or normality. Overall, these
statistical models confirmed that diet does not influence
torpor bout frequency or torpor bout duration in captive
mouse lemurs, as results from our paired ¢ tests indicated.
However, we do find a significant interaction of weight on
torpor usage. We also find that age significantly impacts
torpor bout frequency, but not duration. P values were
obtained using likelihood ratio tests of the full model con-
taining the effect in question (body mass or rate of weight
loss), against the model without the effect in question.
Body mass significantly affected both torpor bout fre-
quency (x*(1) = 7.98, p = 0.005) and torpor bout dura-
tion (xz(l) = 7.03, p = 0.008) with greater body mass
positively associated with frequency and length of torpor
bout. We also investigated the effect of rate of weight loss
on torpor bout frequency and duration. Rate of weight
loss was significantly impacted by torpor bout frequency
(x*(1) = 10.63, p = 0.001) and torpor bout duration (x?
(1) =6.01, p = 0.01). Animals that had less frequent torpor
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bouts, and for a shorter amount of time also lost more
weight.

Age also significantly impacted torpor bout frequency
(x%(1) = 4.23, p = 0.04), with older animals experiencing
more torpor bouts. However, age did not affect torpor bout
duration (x%(1) = 3.28, p = 0.07).

Comparing body weights between diet groups and
between years shows that body weight was not significantly
different between diet groups at the beginning of the fat-
tening phase (p = 0.73; ¢ test), or at the beginning of the
torpor phase (p = 0.74; t test; Fig. 5). Body weight was
not significantly different between year one and year two
at the beginning of the fattening phase (p = 0.11; 7 test),
but it was significantly different between years at the begin-
ning of the torpor phase (p < 0.001; ¢ test), with animals in
year one on average weighing more at the start of the torpor
phase than average body mass of animals in year two.

We did not observe significant differences in food pref-
erences between PUFA and control diets (p = 0.35; 7 test).
However, we did find that animals ate significantly more in
year two than they did in year one (p = 0.001; ¢ test), which
is surprising given the fact that, overall, animals gained
less weight in year two. This suggests that the animals
were eating more to recover the weight that they had lost
in year one of the study, especially those being subjected
to decreased environmental temperatures, but using torpor
less frequently.
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Fig. 5 Body weight vs. week. Line graphs depict weight change over
the study periods between diets (a) and between years (b). Asterisk
indicates mean body weights being significantly different at the start
of the torpor phase in year two

In addition, our animals do not show uniform daily
rhythmicity in entrance of torpor bouts (Rayleigh uniform-
ity p < 0.001) or uniform daily rhythmicity in emergence
from torpor bouts (Rayleigh uniformity p < 0.001). The
timing of reductions in core body temperatures as deter-
mined from T recordings suggests that animals start a bout
of torpor preferentially during the simulated night, with the
majority of torpor bouts initiated at 1400 h, shortly after
the lights in the hibernaculum are turned off, correspond-
ing to the animals’ active period (Fig. 6). However, we also
find that our study animals can enter torpor during 17 hin a
24-h day cycle, with 8 h representing the most likely times
for an animal to enter torpor (defined as >15 instances).
Animals tend to emerge from torpor shortly after the lights
in the hibernacula are turned off around 1200, which cor-
respond to simulated night and their natural active period, a
result we expected to find. However, there is much variabil-
ity in timing as animals emerged primarily between 1300
and 2400 h, with few instances of animals emerging during
the “lights on” period (Fig. 6).

Discussion

This is the one of the few detailed studies investigating
the effects of diet manipulation on torpor patterns in a het-
erothermic primate species. Taken as a whole, our results
suggest that in captive mouse lemurs, the dietary manipula-
tions we used in this study did not have a significant effect
on torpor patterns. This can be explained by four factors,
which our study was unable to test: (1) the possibility that
dietary fatty acids did not assimilate into fat reserves; (2)
if they did assimilate into fat depots, this did not have any
noticeable impact on torpor patterns under the environmen-
tal regime used in our study design; (3) the trace amounts
of PUFA in the control diet were enough to allow mem-
branes to remain fluid at lowered ambient and body tem-
peratures, thereby further supporting the homeoviscosity
hypothesis, or (4) the cholesterol content of our experimen-
tal diets is a contributing factor to the variability in torpor
patterns we have described in this study. The previous stud-
ies on the impact of dietary cholesterol on torpor patterns
in chipmunks suggest that, just as with high-PUFA diets,
high cholesterol diets also have the capacity to increase
torpor bout depth and duration. However, our study might
be indicating interaction effects of dietary cholesterol and
fatty acids, as our control diets were five times higher in
cholesterol content (i.e., our PUFA diets were high PUFA
and low cholesterol, while our control diets were low
PUFA and high cholesterol). Therefore, any positive effect
from cholesterol might be potentially masked by the higher
saturated fatty acid content of our control diet. Further-
more, it has been suggested that dietary fatty acids and
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Fig. 6 Distribution of entrance
and emergence times on a 24-h
clock. Entrance and emergence
times are not uniform (Rayleigh
uniformity p < 0.001). Torpor
bouts do not appear to be lim-
ited to the diurnal resting phase,
but instead occur throughout the
24-h cycle
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dietary cholesterol may be using similar mechanisms on
membrane properties of adipose stores (Geiser et al. 1997),
although this is still not well understood.

Fietz et al. (2003) conducted autumnal feeding obser-
vations and investigated biochemical changes in white
adipose tissue stores before and during hibernation in fat-
tailed dwarf lemurs, (Cheirogaleus medius)—the hiber-
nating sister lineage to mouse lemurs. They found that
fat-tailed dwarf lemurs show extremely low PUFA con-
centrations in fat stores preceding hibernation and further
suggest that monounsaturated fatty acids (MUFAs)—syn-
thesized from high-sugar fruits consumed during autumn—
were the main fuel source in this species during hiberna-
tion (Fietz et al. 2003). The authors conclude that in C.
medius, consuming PUFAs and incorporating them into
fat reserves as a means to maintain lipid fluidity during
hibernation does not appear to be critical for hibernation.
This is likely due to the relatively high body temperatures
in these animals during hibernation wherein near-freezing
levels are never reached (minimum averages for C. medius
are approximately 18 °C, with lowest recorded T}, of 9.3 °C
(Dausmann et al. 2005).

Furthermore, a recent study conducted in a captive col-
ony of M. murinus in Brunoy, France found a strikingly
similar fatty acid profile in the WAT of their study animals
(Vuarin et al. 2014). Although the investigators were not
subjecting their animals to diet manipulations, results from
that study also suggest a positive correlation between depth
and duration of shallow torpor bouts and a greater pro-
portion of unsaturated fatty acids in WAT. However, they
find that the majority of the unsaturation index was due to
MUPFAs, with PUFAs to a lesser degree. In a recent study
by members of the same research team, the authors did, in
fact, subject mouse lemurs to dietary manipulation studies
to test how the two major classes of PUFAs (n-6 and n-3)
influence preparation for and expression of heterothermy.
They find that higher dietary content of n-3 can suppress
torpor usage in their animals (Vuarin et al. 2016), although
their study was conducted under thermoneutrality and, as
the authors note, should be repeated at lower T,.

Frank and Dierenfeld (1998) argue that there may be a
physiological constraint associated with high-PUFA diets,
that is, increased peroxidation of lipids in fat reserves.
Under normal physiological conditions, PUFAs undergo
lipid peroxidation more readily than saturated fatty acids
or MUFAs (Gunstone et al. 1986). High levels of lipid
peroxidation can lead to hemolysis, muscle degenera-
tion, or nervous system damage (Halliwell and Gutteridge
1986; Seppanen et al. 2013; Frankel 1995). Heterotherms
that increase PUFAs in their fat reserves may, therefore,
be particularly susceptible to tissue damage by lipid per-
oxidation. In addition, as with PUFAs, MUFAs can play a
role in keeping fat stores fluid at low body temperatures

as the presence of even one double bond can lead to an
increase in fluidity. Further addition of double bonds (e.g.,
as in PUFAs) can have smaller and sometime negative
effect on the resulting fluidity (Hazel and Williams 1980;
Vuarin et al. 2014). Mouse and dwarf lemurs, therefore,
may have developed means to avoid toxic fatty acids per-
oxides by consuming relatively lower PUFA diets pre-
ceding torpor, and instead relying on MUFAs in their
fat stores to keep fat reserves fluid at body temperatures
below euthermic, although this correlation needs to be
further tested. This relationship has also been documented
for P. sungorus (Diedrich et al. 2014) and for greater
mouse-tailed bats (Rhinopoma microphyllum; Levin et al.
2013). In greater mouse-tailed bats, which hibernates at
relatively high 7, as mouse lemurs do, their adipose stores
directly preceding hibernation contain a high fraction
of saturated fatty acids and MUFAs, with PUFAs being
nearly absent (<1% of total fatty acid composition; Levin
et al. 2013).

The response of the interaction between dietary factors
and how they impact torpor is set by the ecological con-
text in which species evolve. It is, perhaps, not surprising
that species without ready access to PUFAs in their habi-
tats may not show identical responses to species who have
high accessibility to PUFAs in their natural food resources.
While herbivorous species that thrive on high-PUFA plants,
nuts, and seeds have evolved a physiological dependence
on high-PUFA intakes, highly insectivorous (e.g., mouse
lemurs) or carnivorous (e.g., bears) heterotherms could be
expected to have developed alternative approaches, such as
a reliance on MUFAs or lowered need for PUFAs. Further-
more, cholesterol is rare in plants but can be quite abundant
in invertebrates, such as insects (Munro and Thomas 2004).
This might suggest that mouse lemurs in the wild are rely-
ing on a combination of MUFAs and cholesterol, or solely
on one factor, as a means to achieve lowered body tempera-
tures during torpor bouts.

Even despite the fact that mouse lemurs in their natural
settings are likely not relying on PUFAs for thermoregu-
latory strategies, this study nonetheless holds promise for
new avenues of research. More conclusive studies should
be done with, for example, room temperatures that are low-
ered below the threshold of 20°C imposed by this study,
or follow-up studies conducted with wild animals under
semi-captive conditions to more accurately mimic environ-
mental conditions. Furthermore, diets should be modified,
such that the control diet is completely absent of PUFAs to
rule out the fact that even trace amounts may play a role,
as our study was unable to address. Finally, although the
current IACUC standards precluded us from acquiring adi-
pose tissue samples to investigate how dietary fatty acids
are assimilated into body composition in these animals, this
avenue of inquiry still remains open.
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Why is there so much variation in torpor
patterns?

It is well established, based on the previous studies on
wild mouse lemurs, that individuals display remarkable
flexibility in their torpor usage. Considerable variation in
patterns of heterothermy was observed with some indi-
viduals using daily torpor exclusively, while others used
prolonged heterothermy and still others remained euther-
mic (Schmid and Ganzhorn 2009; Kobbe et al. 2011). The
previous field studies document that torpor episodes vary in
intensity, duration, and frequency between populations and
even among individuals of the same population (Ortmann
et al. 1997; Schiilke and Ostner 2007; Schmid and Gan-
zhorn 2009; Kobbe et al. 2011). Presumably, this flexibility
allows mouse lemurs to (1) adapt quickly to the extremely
unpredictable environments of Madagascar; (2) cope with
large variations in food availability and subsequent varia-
tions in body conditions, and (3) incorporate breeding sta-
tus, or lack thereof, into thermoregulatory strategies for
over-winter survival.

Extreme variation in torpor patterns and study covariates
allowed us to tease apart the factors that might influence
thermoregulatory strategies in captive mouse lemurs. Our
main finding is that the amount of fat stored is an impor-
tant predictor for increased torpor use, as animals that
gained more weight relative to starting body mass used
torpor more frequently and for longer duration than ani-
mals that did not gain as much weight. This same effect
is seen in wild populations of grey mouse lemurs (Schmid
2000, 2001; Kobbe et al. 2011) and has also been shown
to be the case in free-ranging subtropical bats (Nyctophilus
bifax; Stawski and Geiser 2010). The authors find that in
this population of bats, individuals with more fat reserves
expressed longer and deeper torpor bouts. They hypothe-
size that torpor is not due to food shortages or low energy
stores, as previously suggested to be the main trigger, but
instead most likely used to avoid predation. This idea in
wild mouse lemurs remains unknown, but is an intriguing
possibility.

A second finding concerning the relationship between
body mass and torpor use in our study is that animals that
lose weight at a faster rate during the torpor phase were
also the ones that spent less time in torpor. This relation-
ship is seen in the animals that did not gain sufficient fat
stores leading up to the torpor phase and is presumably
due to the higher costs associated with maintaining euther-
mic body temperatures at lowered ambient temperatures,
although it remains unclear why an animal would remain
euthermic—and more quickly burn through their fat
stores—if torpor was an option. Many studies have inves-
tigated the effects of abiotic factors and torpor use (e.g.,
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ambient temperature, water availability, illumination, and
food availability, but less is understood regarding how eco-
logical interactions play a role (e.g., predator avoidance,
inter-and intra-specific competition; reviewed in Kronfeld-
Schor and Dayan 2013).

A similar situation has been documented by Nowack
et al. (2010, 2013). Their studies on the African lesser bush-
baby (Galago moholi) have shown that torpor is physiolog-
ically possible during the cold, dry season in this species,
though this behavior is employed only under life-threaten-
ing circumstances (Nowack et al. 2010). The authors sug-
gest that these animals have evolved alternative strategies,
such as behavioral thermoregulation (i.e., huddling, opting
for better insulated sleeping sites, and/or reducing locomo-
tion), to survive periods of energetic constraints (Nowack
et al. 2013). In our study, huddling behavior can be ruled
out as a means of behavioral thermoregulation, because
animals were caged separately, though individuals were
provided with blankets and multiple types of nesting mate-
rial (e.g., PVC piping, Kleenex boxes, and pockets cut from
jeans) in keeping with IACUC protocols. It is, therefore,
possible that those animals that remained euthermic had
chosen better insulated sleeping/resting sites. Alternatively,
as we did not track locomotion throughout the study, we
cannot rule out the possibility that certain euthermic ani-
mals had instead reduced their locomotion to save energy
stores rather than employ torpor.

Timing of entrance into torpor is also variable

In general, torpor on a daily basis is restricted to an ani-
mal’s period of inactivity, which in the DLC colony, and
is between the hours of 0200 h and 1200 (the simulated
day on a reverse light cycle). The majority of torpor bout
entrances occur at the transition between lights on and
lights off, with about 35 instances that take place in the
hour before the lights turn on. It is an interesting result,
but it might not be surprising. Ortmann et al. (1997) found
that torpor onset varies from day to day in a wild popula-
tion of mouse lemurs. In those animals, torpor is, instead,
terminated on a strict daily rhythm; however, torpor bout
duration—which varied greatly in their study animals—did
so due to timing of entrance into torpor. The differences
observed may be due to certain ecological interactions, like
predator avoidance; however, this has not been well studied
(Kronfeld-Schor and Dayan 2013). We also find much vari-
ability in timing of torpor bout emergences, but these are
primarily restricted to the animals’ natural active period,
and do not appear to be terminated on a daily rhythm as
Ortmann et al. (1997) find in the population of wild M.
murinus they studied.
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Conclusion

Our study demonstrates that our dietary manipulations in
captive mouse lemurs do not have positive effects on tor-
por bout frequency and duration. Furthermore, we have
shown that body mass has a significant positive correlation
to both number of torpor bouts and to torpor bout dura-
tion, and older animals have more frequent torpor bouts,
but not necessarily longer torpor bouts. This study is the
first attempt to investigate how nutritional ecology may
influence thermoregulatory strategies that mouse lemurs
use to survive the unpredictable climates in Madagascar.
Numerous avenues for future research include exploring
how diets high in sugar or MUFAs influence fat storage
and torpor use, or determining how choice of sleeping sites,
or locomotion during the animals’ activity period is corre-
lated with time spent in torpor. The maintenance of energy
budgets throughout the duration of the hibernation season
is crucial and is a delicate balance of energy intake and
expenditure. If energy balance isn’t maintained, the animal
faces a depletion of fat stores precisely at the time when
food resources are gone with potentially devastating fitness
consequences.
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