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Hibernation patterns in mammals: a role for bacterial

growth?
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Summary

1. To examine the hypothesis that stimulation of immune function plays a role in
periodic arousal from hibernation, bacterial growth during hibernation was estimated
using a simple mathematical model of the general dynamics of bacterial abundance at
body temperatures experienced during hibernation.

2. Inthe model, periodic arousals were important for animals infected with Sa/monella
at body temperatures above 7 °C, but not below. In contrast, periodic arousals appeared
to be important at all temperatures examined when infected with several species of
coliform bacteria and Pseudomonas, species that grow well at low temperatures.

3. The modelled outputs were compared with torpor patterns seen in captive European
Ground Squirrels, Spermophilus citellus, under natural light and temperature conditions.
We used maximum likelihood to estimate model parameters and show that the six
bacterial species examined are consistent with the immune stimulation hypothesis.

4. Our analyses suggest that bacterial infection could be a selective force on torpor

behaviour and warrants further experimental investigation.

Key-words: European Ground Squirrel, periodic arousal, torpor, torpor bout length

Functional Ecology (2006) 20, 471-477
doi: 10.1111/5.1365-2435.2006.01119.x

Introduction

Hibernation is an adaptive strategy used by endo-
therms when periods of reduced food availability
coincide with low winter temperatures and result in
increased demand for metabolic energy to maintain body
temperature (Karmanova 1995). Torpid hibernators
are thermo-conforming over a wide range of ambient
temperatures and allow their body temperature to
drop to 1-2 °C above the ambient temperature and
drastically decrease their cardiac, respiratory and
metabolic rates (Geiser & Kenagy 1988). Indeed, every
physiological system seems to be affected (Lyman
1958; Nedergaard & Cannon 1990; Karmanova 1995).
The adaptive value of hibernation is to conserve energy,
although hibernating animals periodically emerge and
their body temperature and cardiac, respiratory and
metabolic rates return to normal for a period of usually
less than 24 h (Pengelley & Fisher 1961; Willis 1982;
Geiser, Hiebert & Kenagy 1990). These periodic arousals
can cost animals up to 80% of their stored energy
resources (Kayser 1953; Wang 1978), but the true func-
tion remains unclear and indeed may be multifactorial.
Several hypotheses have been considered to explain
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these arousals, including restoration of electrolyte
balance, regeneration of gonads, prevention of muscular
atrophy, elimination of metabolic wastes, evaporative
water loss, replenishment of blood glucose and elimi-
nation of sleep debt (Fisher 1964; Fisher & Manery
1967; Galster & Morrison 1970; Barnes et al. 1986;
Wickler, Horwitz & Kott 1987; Daan, Barnes & Strijkstra
1991; Thomas & Geiser 1997). However, several of
these hypotheses have been challenged (Willis 1982),
and the true function of periodic arousals remains
uncertain.

One additional hypothesis is that periodic arousals
are necessary for mounting an immune response to
tackle pathogens that invade the host prior to or during
torpor (Prendergast ef al. 2002). Energetically the
immune system is very costly to maintain (Lochmiller
& Deerenberg 2000). Furuse & Yokota (1984) showed
that germ-free birds fed a diet with limited protein
grew 78% faster than birds with normal gut bacteria.
Since hibernation is primarily an adaptation for con-
serving energy, and the immune system is energetically
costly, then we would expect hibernators to reduce their
response during torpor but to reactivate the dormant
immune system by exhibiting periodic arousals that
would test the infection status of the host (Prendergast
et al. 2002). Although the effect of hibernation on
the immune system has received little attention, a few
studies have demonstrated that the activation of

471



472
A. D. Luis &
P. J. Hudson

© 2006 The Authors.
Journal compilation
© 2006 British
Ecological Society,
Functional Ecology,
20, 471-477

lymphocytes, production of antibodies and the acute
phase response to lipopolysaccharide (LPS) are arrested
during torpor (McKenna & Musacchia 1968; Maniero
2000; Prendergast et al. 2002), so it appears that arousals
may be needed to mount an effective immune response.

Hibernating animals may not be able to determine
their infection status while in torpor (Prendergast et al.
2002), consequently they would need to arouse period-
ically to check for infections. Given the high energetic
cost of arousal we should ask how often animals
should arouse from torpor. The natural torpor patterns
expressed by hibernating animals vary among species
and even among individuals of the same species, but
some general patterns are observed. For instance,
torpor bouts are shortest at the onset of hibernation
and become longer as the hibernation season progresses,
until prior to emergence when they once again shorten
(Geiser & Brigham 2000; Henning et al. 2002; Hut,
Barnes & Daan 2002; Zervanos & Salsbury 2003).
There is good evidence that torpor bout varies with
ambient temperature (Ransome 1971; Geiser & Kenagy
1988; Geiser et al. 1990; Park, Jones & Ransome 2000).
In this study we ask if these patterns could be explained
by bacterial dynamics. Presumably, hibernating animals
expressing the optimal torpor bout length will be selected
for, since if the torpor bout is too long, rampant infection
could cause host damage or mortality. On the other
hand, if the torpor bouts are too short, the animal
would waste critical energy reserves, which may lead to
reduced condition in the spring or even mortality.

To examine the hypothesis that bacterial infection
could account for host torpor patterns, we designed a
mathematical model of the optimal torpor patterns
that incorporates bacterial growth rates at different
host temperatures and then compared outputs with
observed torpor arousal data. We asked two specific
questions: What torpor patterns could we expect if the
function of arousals is to control bacterial infection?
Can we explain the torpor patterns observed in European
Ground Squirrels, Spermophilus citellus, with our sim-
ple mechanistic model? Modelling predicted torpor
patterns in relation to bacterial growth could provide
insights to direct further experimentation needed to
address this hypothesis.

Methods

MODEL AND DATA

Bacterial growth rates in relation to temperature were
estimated using the equation from Ratkowsky et al.
(1982):

\Nr=b(T-T,) eqn 1
where r is the bacterial growth rate and T is the
temperature. When the square root of the growth rate

(Vr) is plotted against temperature (T'), b is the slope of
the regression line and T, is the x-intercept.

Initially, two representative bacterial species were
selected, based on availability of growth rate data in
relation to temperature. Salmonella enterica data were
obtained from Mackey & Kerridge (1988), and a
coliform species (C1) from Baig & Hopton (1969) (Fig. 1).
Bacterial population growth inside a hibernating
animal was examined assuming that bacteria continue
to divide at a constant rate with no density-dependent
food or space constraint. This was described using the
doubling equation:
N, ., =N*2 eqn 2
where N is the bacterial population size and r is the
growth rate of the bacteria (=1/generation time).

When the host is infected during torpor we assume
that the bacteria grow exponentially at a rate determined
by the host body temperature, until they either damage
or kill the host. The immune stimulation hypothesis
postulates that there would be a selective advantage
among those individuals that terminate a torpor bout
to let the immune system check and combat any
itinerant infection before it causes damage. For this
model, we assumed arousal and immune function should
occur when the bacteria population reaches 10°. Although
this number is essentially arbitrary, we know that for
at least some bacterial pathogens (i.e. Salmonella
enterica), when numbers increase above 10°, the host
becomes septicaemic and may die (Vazquez-Torres
et al. 2004). We used this figure as a starting point and
then undertook a sensitivity analysis to determine the
sensitivity of any conclusions to this amount. We
also assumed that the bacteria infect the host at the
beginning of hibernation and that the initial inoculum
size is 100 bacteria.

Antibody production during hibernation is insignific-
ant and even during periods of arousal is significantly
less than in non-hibernating animals, and takes much
longer to reach detectable levels such that it takes
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Fig. 1. Relationship between square root of bacterial growth
rate and temperature for Salmonella (Mackey & Kerridge
1988) and coliform C1 (Baig & Hopton 1969).
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several periods of arousal for the acquired immune
response to rise (Dempster, Grodums & Spencer 1966;
McKenna & Musacchia 1968; Burton & Reichman
1999). In the model we therefore assumed the animals
produce no antibodies, and consequently there is
no clearance of the bacteria, so the innate immune
response is the principal mechanism for controlling
infection. The innate response acts to reduce the
bacterial population to 10°, an arbitrary level, but one
based on the innate control of bacterial numbers in
wild-type mice recorded in both Salmonella and
Bordetella bronchiseptica (Vazquez-Torres et al. 2004;
Mann 2005; Mann et al. 2005). We then explored the
significance of this level on our final conclusions using
a sensitivity analysis. In the model, the animal remains
euthermic for 18 h, which is a typical length of an arousal
episode, including re-warming, euthermic period and
cooling below 30 °C (Hut et al. 2002). After 18 h, the
animal returns to torpor, allowing the bacterial numbers
to increase again from 10°,

Next, how the ambient temperature in the hiber-
naculum and minimum torpor body temperature
changed during a hibernation season were considered.
A representative profile of minimum body temperature
throughout hibernation was recorded in the European
Ground Squirrel by Henning ez al. (2002; Fig. 2c).
This temperature profile can be represented over 4320 h
or a 6 month hibernation period by the equation:

y =210 x*—0-0105 = x + 15-011 eqn 3
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where y is the temperature (°C) and x is the time
(hours). Since the rate of bacterial growth changes
with temperature, torpor bout length becomes dynamic
using this changing temperature profile in the model.
Torpor patterns over an entire hibernation season were
predicted with respect to Salmonella and coliform C1
bacterial growth, and subsequently other psychrophilic
bacteria (after Baig & Hopton 1969), including coliform
species designated C4 and EBT and Pseudomonas spe-
cies P11, P14 and P26.

The model outputs were compared to observed
torpor patterns and corresponding minimum body
temperatures collected for six European Ground
Squirrels held in captivity in outdoor enclosures under
natural light and ambient temperature conditions
from Hut ef al. (2002) and one European Ground
Squirrel in the laboratory under simulated natural
conditions from Henning et al. (2002).

ANALYSIS

In the model, torpor bout length is determined by body
temperature throughout the bout. The relationship
between minimum body temperature during a torpor
bout and torpor bout length for European Ground
Squirrels was explored and compared to the modelled
outputs for the six psychrophilic bacteria from Baig &
Hopton (1969). Given the European Ground Squirrel
data (Henning et al. 2002; Hut et al. 2002) and our model
(equations 1 and 2), we used maximum likelihood
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Fig. 2. Predicted and observed torpor patterns throughout a hibernation season. (a) Predicted expression for a hibernating
animal exposed to bacterial pathogens with growth properties similar to Salmonella and (b) coliform Cl1. (c) Observed torpor
patterns in a European Ground Squirrel in captivity under simulated natural light and ambient temperature conditions (Fig. 1

from Henning et al. 2002).
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techniques to estimate what parameters for bacterial
growth (b and T;) would be consistent with the immune
stimulation hypothesis. We assumed Gaussian likeli-
hoods for the torpor lengths, such that the negative log
likelihood is equal to (1/n) * log SS (e.g. McCullagh &
Nelder 1989), where SS is the squared difference
between the observed and model predicted torpor
lengths. Unique maximum likelihood estimates for b
and T, were found using the Nelder-Mead algo-
rithm as implemented in the ‘optim’ function in R (R
Development Core Team 2004). However, because of
the strong colinearity between b and T, there is a range
of parameter combinations with almost identical like-
lihoods. We therefore used two-dimensional profile
likelihood to map the set of near optimal parameter
combinations. We used likelihood ratios assuming
chi-square distributions with one degree of freedom
(e.g. McCullagh & Nelder 1989) to compare the observed
bacterial growth data with those expected based on
the maximum likelihood estimates. All calculations
were done using R version 2:0-1 (R Development Core
Team 2004).

Results

From known temperature-dependent growth rates of
bacteria, we extrapolated growth rates using equation
1 from Ratkowsky et al. (1982) (Table 1). Initially, we
examined the growth rates of Salmonella enterica
(Mackey & Kerridge 1988), and a coliform species (C1
from Baig & Hopton 1969). At temperatures above
11:5°C, Salmonella grows better than coliform, but
below 11-5 °C, coliform grows better than Salmonella
(Fig. 1).

We examined bacterial growth rates in a hibernating
animal with a body temperature of 10 °C. For Salmo-
nella, which has a growth rate of 0-1074 divisions per
hour at 10 °C, the initial torpor bout lasted approxi-
mately 9 days, and the subsequent torpor bouts were
approximately 5-3 days until bacterial numbers reached
10°. Coliform bacteria have a higher growth rate
(r = 0-1354) at 10 °C than Salmonella, and, subsequently,
this species reached 10° faster than Salmonella. The

Table 1. Estimated slope, b, and x-intercept, T, for the
psychrophilic bacteria in Baig & Hopton (1969) when the
square root of the growth rate (divisions per hour) is plotted
against temperature (K)

Bacterium b T,

Coliform species

Cl1 0-020 26477
C4 0-019 26517
EBT 0-019 26474
Pseudomonad species

P11 0-017 26370
P14 0-022 26550
P26 0-019 264-55

model predicted an initial torpor bout of approximately
7-2 days and subsequent torpor bouts of 4-2 days, for
this bacterial species.

Running the model using the minimum body
temperatures during hibernation described by equation
3 gives two distinct sets of torpor patterns for the two
bacterial species, Salmonella and coliform (Fig. 2a,b,
respectively). Since Salmonella does not grow well at
temperatures below 7 °C, the optimal torpor bouts
lengthen since it now takes much longer for the bacteria
to reach 10°. However, since coliform bacteria grow well
at these low temperatures, the torpor bout durations
only moderately lengthen (Fig. 2b). Running the model
with other psychrophilic bacteria, coliform species C4
and EBT and Pseudomonas species P11, P14 and P26
(Baig & Hopton 1969) gives similar patterns as C1 (data
not shown). Data from a representative European
Ground Squirrel (Fig. 1 from Henning et al. 2002) are
presented for comparison (Fig. 2c).

Using maximum likelihood, bacterial parameters
(b and T,) that give the best fit of the model to the
data were calculated as: » = 0-0119 and T, = 256-700.
Using these optimal bacterial parameters, torpor bout
length was predicted for the body temperatures from
European Ground Squirrels and compared to the
corresponding torpor bout lengths recorded. Linear
regression gives an R* of 0-57. Owing to the colinearity
of the model parameters, the result is a ridge in likeli-
hood space (Fig. 3). All six bacterial species from Baig
& Hopton (1969) (C1, C4, EBT, P11, P14 and P26)
are within the 0-01 likelihood ratio statistic, which
corresponds to a P-value of 0-92 (1 df).

A sensitivity analysis on the threshold values of 10°
and 10° revealed that changing these parameters by
10-fold changed the likelihood ratio by just 0-01, which
is still highly significant (P > 0-85) and makes no
substantive differences to the findings of this model.

275 —
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Fig. 3. Bacterial parameters (b and 7T}) that give the best fit of
the model to the data, using maximum likelihood estimates.
Contours show likelihood test statistics. The six psychrophilic
bacteria described by Baig & Hopton (1969) are given by
circles, and the filled triangle represents the optimal
parameter combination.
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Discussion

We explored the hypothesis proposed by Prendergast
et al. (2002) that bacterial infection is an important
selective force on torpor patterns because the immune
system is impaired during torpor, and periodic arousals
are necessary to initiate control of any itinerant
infections. Specifically, we asked: what torpor patterns
would we expect to see if the function of arousals is to
control bacterial infection? How do these predicted
torpor patterns compare with observed patterns?
Through modelling we found that the predicted torpor
patterns are dependent on the growth properties of
the bacterium in relation to temperature. Although
bacterial growth rates are much slower at temperatures
experienced during mammalian hibernation, some
bacteria are able to replicate at temperatures as low
as —20 °C (Deming 2002). If animals are exposed to
pathogenic bacteria with growth properties similar
to Salmonella, periodic arousal to control infection
would be an important adaptation at temperatures
above 7 °C, but not below 7 °C because pathogenic
bacteria with these growth properties do not grow well
at low temperatures. However, if animals are exposed
to pathogenic bacteria that are able to grow well at
low temperatures, like the psychrophilic coliform and
Pseudomonas species described by Baig & Hopton
(1969), periodic arousals would be important through-
out hibernation at all the temperatures examined.

Fitting optimal bacterial parameters to the model
results in a ridge in likelihood space in which the six
bacteria described from Baig & Hopton (1969) fit
within the 0-01 likelihood test statistic. Therefore, 92%
of the time we would see data this extreme if the model
fit the data. From this, we conclude that several species
of psychrophilic bacteria could produce the torpor
patterns observed. Furthermore, this simple model,
which considers only bacterial growth rates at different
temperatures, offers a parsimonious explanation for the
general torpor patterns observed in some hibernating
animals. These findings do not suggest that all animals
arouse because they are infected, but that the animals
that express these torpor patterns may have been
selected for because they were able to deal with bacteria
that are able to grow well at low temperatures, such as
some coliform and Pseudomonas species. This approach
provides support for the hypothesis because the data
are consistent with the model but experimental studies
are needed to test the hypothesis.

An interesting discrepancy between the model
and the data is that in nature, hibernating animals
generally do not have a longer first torpor bout than
subsequent bouts, whereas the model shows this to be
the case. However, in the model the length of the first
bout is determined by the bacterial inoculum size,
whereas subsequent bouts are not, so the length of the
first bout is a consequence of the initial infection size
while subsequent ones are not. In nature, some hiber-
nators display a shorter first torpor bout in which they

experience shallow decreases in body temperature,
called ‘test drops’. These animals may be resetting
their hypothalamic thermostat which may help to
acclimate cellular functions to the onset of low body
temperature (Hammel 1967; Zervanos & Salsbury 2003).

Hibernators thermo-conform over a wide range
of ambient temperatures; however, when ambient
temperature (7,), drops below a threshold, body tem-
perature (7,) remains constant. This threshold is the
body temperature set point (7i.,). As T, decreases
below T}, the animal thermoregulates and maintains
T, at Ty, to avoid a lethal decline in 7T}, (Geiser &
Kenagy 1988; Buck & Barnes 2000). If considered at
all temperatures, our model would predict that torpor
bout length always increases as T}, decreases. However,
in hibernating animals this is observed only when T}, is
above T}. When T}, drops below T}, the torpor bout
lengths decrease (Geiser & Kenagy 1988; Buck &
Barnes 2000).

Other hypotheses have been proposed to explain the
function of arousals and may explain this phenomenon.
Several of these can be grouped under metabolism
effects, such as reduction of energy substrates and
accumulation of metabolic wastes. Metabolic rate
decreases with 7, until it drops below T}, Therefore
these metabolic effects would occur at a slower rate as
ambient temperature declines to Ty, allowing for
longer torpor bouts (Geiser & Kenagy 1988; Geiser &
Brigham 2000), also producing the inverse relationship
of torpor bout lengths and 7, as predicted from other
temperature-dependent processes such as bacterial
growth. However, regression analyses by Geiser et al.
(1990) suggest that torpor bout lengths at 7, values
above T, are more strongly correlated with 7, than
metabolism, as measured by consumed volume of O,,
lending some credence to the immune stimulation
hypothesis. However, at T, values below T, metabolic
rate increases as the animal thermoregulates. Therefore,
the relationship between torpor bout length and tem-
perature at values below T, is consistent with metabolic
rate hypotheses for the function of arousals (Buck &
Barnes 2000). However, since at 7, values above T},
torpor bout length is more strongly correlated with 7},
than metabolic rate (Geiser et al. 1990; Buck & Barnes
2000), it appears there may be two different arousal
triggers, one for 7T, values below T, and another for
values above T, Buck & Barnes (2000) speculated
that animals may need to arouse more often at 7,
values below T, owing to an increase in metabolism,
to replenish glycogen stores, whereas above Ty, a
temperature-sensitive timing mechanism may operate.
This hypothesis is consistent with our model. Never-
theless,these hypotheses for periodic arousals are not
mutually exclusive and these processes may, in fact, act
in concert.

Burton & Reichman (1999) argued that most pathogens
are not able to replicate at low temperatures. Mitosis
at low temperatures has been shown to lead to damage
caused by disrupted microtubulin polymerization in
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some organisms (Roth 1967; Nagasawa & Dewey
1972). However, each bacterial species has different
growth properties. Some are better at growth at low
temperatures than others and may be able to grow at
temperatures lower than 5 °C, although at slower rates
(Baig & Hopton 1969). So these bacteria could be
an important selective pressure that influences torpor
patterns.

Different species of hibernating animals show large
variations in their maximum torpor bout lengths. For
example, the Edible Dormouse has a reported maxi-
mum torpor bout length of 792 h, and the Turkish
Hamster has a reported maximum torpor bout length
of only 130 h. In terms of the immune stimulation
hypothesis, this could be explained by differences in
bacteria that these different species have been exposed
to. Furthermore, other microorganisms follow the
growth relationship described by equation 3 including
fungi (Ratkowsky et al. 1982). In fact, fungal pathogens
often grow better at low temperatures (such as those T},
values experienced by hibernating animals) compared
with bacteria (Ratkowsky et al. 1982). Differences
in maximum torpor bout length may result from
exposure to different bacterial or fungal pathogens.
Furthermore, as mentioned earlier, the hypotheses
for the function of periodic arousal are not mutually
exclusive and torpor patterns may result from a
combination of factors.

Key simplifying assumptions were made in the
model. One assumption is that bacterial growth is not
density dependent. We believe this is a reasonable
assumption since we are considering time points early
in the growth process. We also assume that bacterial
growth and immunity rates are immediate and rise to
maximum, and the animal enters and arouses from
torpor such that its body temperature rises quickly to
37 °C. Although we know that animals may take less
than an hour to a few hours to arouse from torpor and
longer to enter torpor, increasing or decreasing their
body temperatures between euthermic and ambient
temperatures (Park er al. 2000; Hut et al. 2002), no
studies that we are aware of have addressed the question
of when during this rewarming process the immune
system begins to function effectively and when during
cooling it ceases to function effectively. Therefore,
adding cooling and rewarming phases does nothing to
improve the model. To date, no experiments have
characterized bacterial growth rates in a hibernating
animal, so the data for bacterial growth used in this
model came from experiments on minced beef (Mackey
& Kerridge 1988) and in culture (Baig & Hopton 1969).

The model indicates that hibernators exposed to
bacterial pathogens would benefit from periodic
arousals; however, several studies suggest that hiber-
nators exposed to viruses may not. Viral studies
performed on hibernating animals indicate that viral
replication is undetectable during torpor, yet may
occur during periods of arousal (Sulkin ez al. 1960,
1966; Dempster et al. 1966; Main 1979; Herbold et al.

1983). Dempster et al. (1966) also found that Coxsackie
B-3 virus was able to reach higher titres faster in
animals recently aroused from torpor, whether infected
during torpor or 48 h after arousal, and caused more
severe pathology than seen in non-hibernating animals.
This would imply that there are immunological trade-
offs involved in periodic arousals, not only between
conserving resources and immunological defence, but
also between the optimal immune responses for viruses
and bacteria.

Understanding host—pathogen interactions in wild-
life reservoirs is important if we are to obtain insight
into the emergence and spread of zoonotic diseases.
Some wildlife disease reservoirs are hibernating
animals, such as bats, but relatively little is known about
disease dynamics in hibernators. Furthermore, with
the increased attention to hibernation for medical
applications, such as preservation of tissue at low
temperature and reduction of physiological damage
caused from trauma and ischaemia (Carey, Andrews &
Martin 2003), understanding bacterial and immune
dynamics at these decreased temperatures could have
important implications for human health.
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