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Abstract Dietary cholesterol can a�ect both body lipid
composition and steroid hormone concentration. We
investigated whether a diet rich in cholesterol in¯uences
torpor patterns of hibernating chipmunks (Tamias
amoenus) and, if so, whether these changes are better
explained by diet-induced changes in body lipid com-
position or the concentration of testosterone, which at
high levels inhibits torpor. Two groups of chipmunks
were maintained either on a cholesterol diet (rodent
chow containing 10% cholesterol) or a control diet
(rodent chow) during pre-hibernation fattening and
throughout the hibernation season. Torpid chipmunks
on the cholesterol diet had signi®cantly lower minimum
body temperatures ()0.2 � 0.2 vs +0.6 � 0.2 °C),
lower metabolic rates (0.029 � 0.002 ml O2 g)1h)1 vs
0.035 � 0.001 ml O2 g

)1h)1), and longer torpor bouts at
)1 °C (6.8 � 0.5 vs 4.1 � 1.0 days) than chipmunks on
the control diet. Dietary cholesterol resulted in a signi-
®cant increase in blood plasma cholesterol (sevenfold),
liver cholesterol content (6.9-fold) and liver triglyceride
content (3.5-fold) in comparison to controls. In contrast,
dietary cholesterol had no detectable e�ect on the con-
centration of plasma testosterone, which was very low in
both groups. Since torpor was deeper and longer in
animals on the cholesterol diet our study suggests that
torpor patterns of chipmunks were either directly af-
fected by the dietary cholesterol or via changes in body
lipid composition.
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Introduction

Many hibernating mammals lower their body tempera-
ture (Tb) during periods of torpor close to or even below
0 °C (Barnes 1989; Geiser and Ruf 1995). This dramatic
decline in Tb requires physiological and biochemical
adjustments. Tissue function, cellular metabolism and
homeostasis can only be maintained if cell membrane
structure and function are not interrupted at low tem-
peratures. Cellular membranes of hibernators appear to
maintain permeability at lower temperatures than non-
hibernators (Willis 1982), which appears to be partially
due to di�erences in membrane lipid composition (Aloia
1988; Geiser 1990).

Cell membrane structure and function are a�ected by
cholesterol content (Yeagle 1985). Cholesterol reduces
the ¯exibility of acyl chains in membrane phospholipids
above the temperature of the lipid phase transition, en-
hances the ¯exibility below their phase transition, and
broadens the phase transition (Blume and Hillmann
1986). The e�ect of cholesterol on membrane ¯uidity of
hibernating animals has not been determined (Aloia
1988). However, it is known that tissue cholesterol
content (Esher et al. 1973), cholesterol/phospholipid
ratios of body tissues and cellular membranes (Mon-
taudon et al. 1983, 1986) and plasma cholesterol/high
density lipoprotein cholesterol ratios (Russom et al.
1992) are higher in hibernating mammals than in non-
hibernating individuals. Because cholesterol content of
cell membranes is strongly a�ected by diet, the structure
and function of membranes should in turn be a�ected by
dietary cholesterol (McMurchie 1988). Since dietary
fatty acids in¯uence torpor patterns apparently via
changes in body lipid composition (Geiser and Kenagy
1987; Geiser 1993; Frank 1992; Florant et al. 1993;
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Frank and Storey 1996) it seems possible that dietary
cholesterol may also show an e�ect. This is important to
know because in the wild some hibernators are known to
consume diet items that are rich in cholesterol and re-
lated compounds prior to the hibernation season (Tevis
1953; Cork and Kenagy 1989; Boonstra et al. 1990).

Dietary cholesterol is not only incorporated into tis-
sues and cellular membranes, it is also a precursor of
steroid hormones (Tepperman and Tepperman 1987).
Steroid hormones, particularly testosterone, have been
shown to inhibit hibernation in rodents (Goldman et al.
1986). Moreover, it has been suggested that the increase
of testosterone before rodents become reproductive in
spring may result in termination of the hibernation
season (Darrow et al. 1988).

Because cholesterol in cell membranes may be im-
portant for deep hibernation, but on the other hand may
be used for testosterone production, which is known to
prevent animals from entering torpor, we were interested
in whether dietary cholesterol enhances or inhibits hib-
ernation. Since dietary cholesterol could be used either
as membrane molecules or as a testosterone precursor,
we also measured the content of cholesterol and trigly-
cerides in the blood and liver and the concentration of
plasma testosterone to obtain an indication of their en-
richment in the body and to provide a possible expla-
nation for our physiological ®ndings. The yellow-pine
chipmunk, Tamias amoenus (50 g) was used as experi-
mental animal because they are reliable hibernators and
are known to ingest diet items that contain cholesterol in
the wild (Tevis 1953).

Materials and methods

Twelve chipmunks, T. amoenus, were caught on 6±8 September in
the Cascade Mountains near Fish Lake, Chelan County, Wash-
ington. They were transported to the University of Washington,
divided into two groups (n = 6 each) of matched body mass and
sex and kept individually in cages at an air temperature (Ta) of
23 � 1 °C (SD) with light from 0600±1800 hours. Animals were
fed ad libitum with Purina rodent laboratory chow 5001 until
18 September. From 18 September until the end of the experiment
the control group was maintained on the rodent chow (one of these
individuals died on 28 December), whereas the experimental group
was fed rodent chow containing 10% cholesterol powder (added by
weight; grade 95%; Sigma, St. Louis). The small dilution of other
nutrients in the cholesterol diet can be easily compensated by a
small increase in food intake and should have little e�ect on the
nutritional state of the animals. Moreover, the physiological vari-
ables were measured during hibernation when animals consumed
almost no food and thus should not be adversely a�ected. On
27 October, after the animals had been on their respective diets for
40 days, Ta was reduced from 23 to 4 � 1 °C. The animals were
exposed to a range of Ta since torpor bout length is generally
strongly temperature dependent and hibernaculum temperatures
change with season (Wang 1978; Young 1990). Torpor bouts are
known to increase with a fall of Ta above the species-speci®c set
point for Tb that is metabolically defended during torpor, but de-
crease at Tas below the set point (Geiser and Kenagy 1987, 1988).
The thermal regime the animals were exposed to during the hib-
ernation season was: 27 October to 10 December, Ta 4 � 1 °C; 11
December to 10 January, Ta 2 � 1 °C; 11 January to 7 February,
Ta 0.5 � 1 °C; 8 February to 22 February, Ta 6 � 1 °C; 23 Feb-

ruary to 8 March, Ta )1 � 1 °C. After 8 March Ta was raised
again to 2 °C.

From 11 December to 8 March, when torpor bouts of
T. amoenus do not change with the season when Ta is constant
(Geiser et al. 1990), the e�ect of exposure to Tas both above and
below the set point for Tb on torpor bout length was determined.
To achieve this, animals were exposed to Tas of 2±0.5 and ®nally to
)1 °C after the set point for Tb had been determined in the two
experimental groups. This low Ta was selected because it is within
the range experienced by hibernators in the wild and would elicit
metabolic defence in one experimental group, but not the other.
The duration of torpor bouts was measured by observing daily
between 0900 and 1000 hours the displacement of sawdust which
occurs during arousal. Sawdust was placed on the back of torpid
individuals on the day they were ®rst observed in torpor and re-
placed after each arousal. Since arousals are not randomly dis-
tributed during a day and usually occur in the afternoon (KoÈ rtner
and Geiser 1996; Pohl 1996), our measurements are a reliable in-
dicator of how many days animals were torpid. The mean duration
of all undisturbed torpor bouts of all hibernating individuals at
each Ta was used to determine the mean torpor bout duration for
the two diet groups.

The metabolic rate (MR, measured as rate of oxygen con-
sumption, _V O2) was determined in all torpid individuals between
11 and 20 December. Two individuals were measured on a par-
ticular day. For these experiments each torpid animal on day 2±4 of
a torpor bout at Ta 2 °C was transferred from its cage to a 2-l
respiratory vessel at the same temperature. Animals were sus-
pended in a plastic mesh hammock to maximise heat exchange with
the surrounding air. After MR had stabilised at Ta 2.0 � 0.5 °C,
Ta was slowly decreased (<0.02 °C min)1) until each animal in-
creased MR to prevent a further drop in Tb. The Tb at this point
was immediately measured (within 10 s) by 3 cm rectal insertion of
a 36-gauge thermocouple (calibrated to the nearest 0.1 °C) and
designated as minimum Tb. Although the minimum Tb was deter-
mined rectally it should provide an accurate estimate of the
hypothalamic set point for Tb since rectal and hypothalamic
temperatures in small hibernators during steady-state torpor are
known to be virtually identical (Heller and Colliver 1974). The Ta

at which MR began to increase during cooling to prevent a further
fall of Tb was called minimum Ta (Geiser and Kenagy 1987).

_V O2 (STPD) was monitored continuously after removal of H2O
and CO2 from the air stream with an Applied Electrochemistry
S-3A O2 analyzer using the set-up described in Hill (1972). Flow
rates of dried inlet air were controlled and measured with a Brooks
thermal mass ¯ow controller. The Ta in the respirometer was
measured continuously by thermocouple and recorded along with
_V O2 on a Leeds and Northrup Speedomax 250 recorder. To check
the calibration of the thermocouples, readings of Ta were also ta-
ken to the nearest 0.1 °C with a digital thermometer.

Hibernating animals were decapitated on 20±24 March, when
they were on day 2 or 3 of a torpor bout at Ta 2 °C. Blood was
collected in heparinised centrifuge tubes, centrifuged for 5 min at
1000 g and the plasma was removed and stored at )30 °C. A sec-
tion of the liver was removed, chopped into ®ne pieces with scissors
and rinsed repeatedly to remove blood. Livers were then homog-
enised and frozen at )30 °C.

Total cholesterol and triglycerides were quanti®ed in isopropyl
alcohol extracts using a Technicon AutoAnalyser II system
(Northwest Lipid Research Center, Seattle, Lipoprotein Labora-
tory). Samples were diluted with isopropyl alcohol in the presence
of zeolite mixture which extracts the lipid from the protein and
removes interfering substances. Total cholesterol in the extract was
quanti®ed by a Liebermann-Burchard reagent assay; triglycerides
were hydrolised with potassium hydroxide coupled with 2,4
pentanedione and were quanti®ed ¯uorometrically (Kessler and
Leder 1965; Warnick et al. 1982). The coe�cient of variation was
<4.2% for triglycerides and <1.2% for cholesterol assays.

Plasma levels of testosterone were measured by radioimmuno-
assay after partial puri®cation on diatomaceous earth/glycol mi-
crocolumns. Plasma samples were equilibrated with approximately
2000 cpm of tritiated testosterone (for subsequent determination of
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losses owing to the extraction and chromatography procedure) and
then extracted in 5 ml of redistilled dichloromethane. Organic ex-
tracts were then dried under a stream of nitrogen, reconstituted in
0.5 ml of 10% ethyl acetate in iso-octane and transferred to the
microcolumns. Steroid extracts were eluted from the columns in
increasing concentrations of ethyl acetate in iso-octane as described
by Wing®eld and Farner (1975). Extracts were dried under N2,
taken up in phosphate bu�ered saline and assayed as described
previously (Ball and Wing®eld 1987). Recoveries, and intra-assay
variation were within limits described by Wing®eld and Farner
(1975). All lipid and hormone assays were conducted within
2 months of tissue preparation.

Statistical comparisons between means were made using a
Student's t-test for equal or unequal variances as appropriate.
Numerical values are expressed as mean � 1 standard error (SE) if
not stated otherwise.

Results

The seasonal change of body mass was similar between
T. amoenus on the control and animals on the choles-
terol diet (Fig. 1). Body mass at capture (8 September)
was 49.5 � 1.0 g in control animals and 49.3 � 0.9 g in
cholesterol-fed animals. Body mass rose by about 25±
30% during pre-hibernation fattening, and fell below
values at capture at the end of the hibernation season
(Fig. 1). The decrease in body mass of both diet groups
was more pronounced in the early part of the hiberna-
tion season than later in the hibernation season when the
cholesterol-fed group lost less mass than the controls.

Physiological variables in hibernating T. amoenus
were a�ected by the cholesterol diet. Animals on the
cholesterol diet had a signi®cantly lower mean minimum
Tb, which was metabolically defended during torpor,
than animals on the control diet (Fig. 2; P < 0.01),
demonstrating that the set point for Tb was lower in the

cholesterol-fed group. The mean minimum Tb of ani-
mals on cholesterol was )0.2 � 0.2 °C (n = 6) and the
lowest individual minimum Tb was as low as )0.8 °C.
The mean minimum Tb in animals on the control diet
was +0.6 � 0.2 °C (n = 6) and none of these individ-
uals lowered its Tb below 0 °C. The minimum Ta, at
which the increase in metabolic rate was ®rst observed
during the cooling procedure, also di�ered between the
diet groups (Fig. 2; P < 0.01). Thus, animals on the
cholesterol diet showed a better cold tolerance than
those on the control diet. Moreover, the MR measured
at Ta = 2 °C (i.e. at a Ta at which torpid individuals of
both diet groups did not defend their Tb) in animals on
the cholesterol diet (0.029 � 0.002 ml O2 g

)1h)1,
n = 6) was signi®cantly lower than that of animals on
the control diet (0.035 � 0.001 ml O2 g

)1h)1, n = 6,
P < 0.05, not shown). Body mass during these mea-
surements was 50.1 � 2.1 g (n = 6) in animals on
cholesterol diet and 53.4 � 2.2 g (n = 6) in animals on
control diet and these means were statistically indistin-
guishable (P > 0.1).

The response of torpor bout duration to lowering of
Ta also di�ered between diet groups (Fig. 3). Animals on
the control diet had lengthened torpor bouts when Ta

was lowered from 2 to 0.5 °C but shortened torpor bouts
when Ta was lowered from 0.5 to )1 °C. In contrast,
animals on the cholesterol diet already showed maxi-
mum torpor bouts at Ta 2 °C, and lowering of Ta from
2 to 0.5 and to )1 °C had little or no e�ect on the du-
ration of torpor bouts (Fig. 3). At Ta )1.0 °C, which
was slightly below the minimum Ta of animals on con-
trol diet (i.e. they were metabolically defending their Tb)
but well above the minimum Ta of animals on choles-
terol diet (i.e. they were not defending their Tb), torpor
bouts lasted 4.1 � 1.0 (n = 4) and 6.8 � 0.5 days

Fig. 1 Seasonal change of body mass in Tamias amoenus maintained
on the two di�erent diets. Di�erent diets were fed from 18 September;
animals were exposed to cold (4 °C) on 27 October. Values are means
� SE for n = 6 each with the exception of controls (n = 5) inMarch

Fig. 2 The minimum body temperature (Tb), which was metaboli-
cally defended by torpid Tamias amoenus on the two diets and the
corresponding minimum air temperature (Ta) at which the increase of
the metabolic rate was observed. Both the minimum Tb and Ta
di�ered signi®cantly between the two diets (P < 0.01, t-test). Values
are means with SE for n = 6 each
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(n = 6), respectively, and these means di�ered signi®-
cantly (P < 0.025). Moreover, one animal on the con-
trol diet refused to hibernate at the low Ta of )1 °C
although it hibernated at higher Tas, whereas all indi-
viduals on the cholesterol diet hibernated at this low Ta.
At Tas of 0.5 and 2.0 °C, the duration of torpor bouts
did not di�er between the two diet groups, regardless of
whether all the controls or only the four that displayed
torpor at Ta )1.0 °C were considered.

Changes in thermal physiology of hibernating
T. amoenus were accompanied by changes in body lipid
content (Fig. 4). The cholesterol content of blood
plasma was sevenfold greater in animals on cholesterol
diet than in animals on the control diet (Fig. 4;
P < 0.01). Plasma triglyceride content was similar in
the two diet groups. In liver tissue, both cholesterol
content and triglyceride content was much greater in
animals on cholesterol diet than in controls (Fig. 4;
P < 0.01).

The concentration of testosterone in the blood
plasma of hibernating T. amoenus was very low in
both dietary groups. Mean plasma testosterone con-
centration was 0.29 � 0.17 ng áml)1 (n = 6) in ani-
mals on the cholesterol diet and 0.10 � 0.01 ng áml)1

(n = 4) in controls and these means did not di�er
signi®cantly.

Discussion

Our results provide the ®rst evidence that dietary cho-
lesterol can a�ect some physiological variables of hib-
ernating mammals. These diet-induced physiological
di�erences were accompanied by pronounced di�erences
in tissue cholesterol and triglyceride content. It is
therefore possible that they were caused by the diet-in-
duced di�erences in the composition of body lipids.
Because both diet groups contained similar levels of
plasma testosterone and these were very low in com-
parison to reproductive sciurids, it is unlikely that the
observed dietary e�ect on torpor patterns was caused by
testosterone.

Changes in torpor patterns of hibernating chipmunks
on the cholesterol diet were similar to changes in rodent
hibernators maintained on diets rich in essential poly-
unsaturated fatty acids (PUFA) (Geiser and Kenagy
1987; Frank 1992; Florant et al. 1993; Geiser 1993).
Body temperatures in hibernators on diets rich in PUFA
showed about 2±3 °C lower minimum Tbs, longer torpor
bouts and lower metabolic rates than animals on diets
low in PUFA or rich in saturated fatty acids (SFA) and
a reduction of about 1 °C in comparison to individuals
maintained on rodent chow (Geiser and Kenagy 1987;
Frank 1992; Florant et al. 1993; Geiser 1993). Since
physiological changes observed here were similar to
those in the fatty acid diet studies, it is possible that
similar mechanisms were involved. As for dietary
PUFA, dietary cholesterol may have a�ected physical
properties of tissues and cellular membranes. Since an
increase in cholesterol decreases or even abolishes phase
transitions of membranes (Blume and Hillmann 1986) it
is possible that the most likely increased cholesterol
content of cell membranes in animals on cholesterol diet
resulted in a less temperature-sensitive structure and
allowed the normal physiological function of cells and
tissues at lower temperatures than in the control ani-
mals. An alternative explanation is that the activity of

Fig. 3 Duration of torpor bouts at di�erent air temperatures in
Tamias amoenus on the two di�erent diets. Torpor bouts of
individuals on the control diet were strongly a�ected by the change
in temperature, whereas individuals on the cholesterol diet were only
slightly a�ected. Signi®cant di�erences between the two diet groups
were observed at Ta )1 °C (P < 0.025, t-test); at this Ta animals on
control diet were thermoregulating, while those on the cholesterol diet
because of their lower minimum Ta were not. Values are means with
SE for n = 6 with the exception of controls (n = 4) at Ta )1 °C

Fig. 4 Content of cholesterol (CH ) and triglycerides (TG) in blood
plasma and liver (calculated from wet weight) of Tamias amoenus on
cholesterol (n = 6) and control (n = 4) diets. Signi®cant di�erences
were observed between the two diet groups (P < 0.01, t-test) except
for blood triglycerides. Values are means with SE
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membrane-associated proteins, rather than or in addi-
tion to the physical membrane lipid properties, was
modulated by membrane cholesterol content (Yeagle
1985).

But how can blood and liver cholesterol and triglyc-
eride content in¯uence thermoregulation and torpor
patterns? It is likely that the pronounced diet-induced
changes in composition of tissue lipid composition ob-
served here were not directly or only partially respon-
sible for the diet-induced physiological changes, but only
re¯ect compositional changes in other tissues, organs
and in particular cellular membranes, which show a
much bigger diet-induced compositional change in hib-
ernators than in non-hibernators (Geiser 1990). The
most likely candidate for causing changes in thermo-
regulation is the nervous system. It is possible that al-
terations of neural tissue composition, as observed in
chipmunks after manipulation by dietary fatty acids
(Geiser 1990), may explain the shift in set point for Tb.
Such modulations may occur via changes in membrane
receptor activity, which is known to be a�ected by their
lipid environment (Loh and Law 1980). It has been
demonstrated that cholesterol content of brain myelin
increases in winter (Robert et al. 1982) when the set
point for Tb is low, which lends some support to our
interpretation. Moreover, cholesterol content increases
in lung surfactants during daily torpor (Orgeig et al.
1996) suggesting that high amounts of cholesterol in
body lipids may be important for function at low Tb in
endotherms.

The diet-induced changes of the response of torpor
bouts to a lowering of Ta are most likely a conse-
quence of the shift in set point for Tb. The lowest Ta

that animals were exposed to in this study was Ta

)1 °C, which was selected because Tas below 0 °C are
experienced in burrows of many hibernators in the
second part of winter (Wang 1978; Barnes 1989;
Young 1990). The Ta )1 °C was below the minimum
Ta of animals on the control diet and elicited metabolic
defence of Tb during torpor since the set point for Tb
had been reached. Apparently as a consequence of the
rise of metabolic rate in turn the duration of torpor
bouts was reduced (Geiser and Kenagy 1988). How-
ever, this Ta of )1 °C was well above the temperature
where regulation of Tb was induced in animals on the
cholesterol diet. Thus, the relatively small changes in
the diet-induced shift in the set point for Tb in the
cholesterol group resulted in torpor bouts that were
66% longer than in the controls. The resulting reduced
number of arousals in the cholesterol-fed animals to-
gether with the lower metabolic rates and the wider Ta
range in which no energy is wasted for thermoregula-
tion should result in substantial energy savings during
hibernation. Since winter mortality in many small
hibernators is caused by depleted fat stores, a reduc-
tion in energy expenditure should increase the chance
of winter survival.

In contrast to body lipids, plasma testosterone con-
centration was not signi®cantly a�ected by dietary

cholesterol. Since concentration of both control and
cholesterol groups were less than 10% of that in actively
breeding animals (Barnes 1996) it is unlikely that they
had a physiological e�ect. Testosterone inhibits torpor
in hamsters, Phodopus sungorus, at a serum concentra-
tion of about 1.5 ng áml)1 (Goldman et al. 1986), which
is three- to tenfold of the values observed here. If the
level of testosterone in the cholesterol group had been
e�ective, an inhibition rather than enhancement of tor-
por would have occurred.

While our ®ndings may be interesting from a
physiological point of view, questions as to their eco-
logical signi®cance may be raised. Since an increased
intake of diet items rich in essential PUFA occurs in
heterothermic rodents during autumn (Tevis 1953;
Wood 1993; Frank 1994), it can be argued that selec-
tion of food items rich in PUFA forms part of the
preparation for torpor (Geiser and Kenagy 1987;
Frank 1994). In contrast, it may appear unlikely that
largely herbivorous rodents have access to cholesterol.
However, there is some evidence that indicates that
cholesterol is available to free-living rodents and per-
haps may be sought. Ground squirrels, Spermophilus
lateralis, and chipmunks, Tamias spp., do not exclu-
sively consume plant material and not infrequently
supplement their diet with animal ¯esh (Tevis 1953).
Moreover, a major diet item of Tamias spp. and other
sciurid rodents are fungi (Tevis 1953; Cork and Ke-
nagy 1989) that contain mycosterol, which is structur-
ally very similar to cholesterol (Gurr and James 1980)
and also other plant sterols. While these examples may
re¯ect opportunistic diet uptake, observations on Arc-
tic ground squirrels, Spermophilus parrvii, strongly
suggest diet selection. The species has been observed to
prey actively on collared lemmings in late June/July
and to consume the brain of their prey preferentially
(Boonstra et al. 1990; Boonstra R, personal commu-
nication), which is rich in cholesterol. Arctic ground
squirrels commence hibernation in early September and
pre-hibernation fattening occurs during June/July when
predation of lemmings has been observed. Arctic
ground squirrels show extremely low Tbs during hib-
ernation of about )3 °C and are able to prevent
freezing of body ¯uids by supercooling (Barnes 1989).
However, normal physiological function during hiber-
nation at these extremely low temperatures may require
a high content of cholesterol in tissues and cellular
membranes.

Our study shows that the pattern of hibernation in
chipmunks can be a�ected by dietary cholesterol. It
suggests that in some species uptake of cholesterol may
form part of the preparation for hibernation. Thus, the
possible importance of dietary cholesterol should be
considered in future studies on the nutritional ecology of
hibernators.

Acknowledgements This work was supported by a Feodor Lynen
Fellowship of the Alexander von Humboldt-Stiftung and a grant
from the Australian Research Council to F. Geiser and grants from

420



the University of Washington Graduate School Research Fund and
the National Science Foundation to G.J. Kenagy. We thank Tess
McMillan and Russ Warnick, Northwest Lipid Research Center,
Seattle, for cholesterol and triglyceride analyses, and Susan Shar-
baugh for expert technical support. Animals housing and experi-
ments were conducted according to the standards of the University
of Washington and NIH animal care guidelines. Animals were
captured under a Washington State Wildlife Collection Permit to
G.J. Kenagy.

References

Aloia RC (1988) Lipid, ¯uidity and functional studies of mem-
branes of hibernating mammals. In: Aloia RC et al. (eds)
Physiological regulation of membrane ¯uidity. Liss, New York,
pp 1±39

Ball GF, Wing®eld JC (1987) Changes in plasma levels of luteini-
zing hormone and sex steroid hormones in relation to multiple-
broodedness and nest-site-density in male starlings. Physiol
Zool 60: 191±199

Barnes BM (1989) Freeze avoidance in a mammal: body temper-
atures below 0 °C in an arctic hibernator. Science 244: 1593±
1595

Barnes BM (1996) Relationships between hibernation and repro-
duction in male ground squirrels. In: Geiser F et al. (eds) Adap-
tations to the cold: tenth international hibernation symposium.
University of New England Press, Armidale, pp 71±80

Blume A, Hillmann M (1986) Dimyristoylphosphatidic acid/cho-
lesterol bilayers. Thermodynamic properties and kinetics of
phase transition as studies by the pressure jump relaxation
technique. Eur Biophys J 13: 343±353

Boonstra R, Krebs CJ, Kanter M (1990) Arctic ground squirrel
predation on collared lemmings. Can J Zool 68: 757±760

Cork SJ, Kenagy GJ (1989) Nutritional value of hypogeous fungus
for a forest-dwelling ground squirrel. Ecology 70: 577±586

Darrow JM, Duncan MJ, Bartke A, Bona-Gallo A, Goldman BD
(1988) In¯uence of photoperiod and gonadal steroids on hib-
ernation in the European hamster. J Comp Physiol A 163: 339±
348

Esher RJ, Fleischman AI, Lenz PH (1973) Blood and liver lipids in
torpid and aroused little brown bats, Myotis lucifugus. Comp
Biochem Physiol 45A: 933±938

Florant GL, Hester L, Ameenuddin S, Rintoul DA (1993) The
e�ect of a low essential fatty acid diet on hibernation in mar-
mots. Am J Physiol 264: R747±R753

Frank CL (1992) The in¯uence of dietary fatty acids on hibernation
by golden-mantled ground squirrels (Spermophilus lateralis).
Physiol Zool 65: 906±920

Frank CL (1994) Polyunsaturate content and diet selection by
ground squirrels (Spermophilus lateralis). Ecology 75: 458±463

Frank CL, Storey KB (1996) The e�ect of total unsaturate content
on hibernation. In: Geiser F et al. (eds) Adaptations to the cold:
tenth international hibernation symposium. University of New
England Press, Armidale, pp 211±216

Geiser F (1990) In¯uence of polyunsaturated and saturated dietary
lipids on adipose tissue, brain, and mitochondrial membrane
fatty acid composition of a mammalian hibernator. Biochim
Biophys Acta 1046: 159±166

Geiser F (1993) Dietary lipids and thermal physiology. In: Carey C
et al. (eds) Life in the cold: ecological, physiological and mo-
lecular mechanisms. Westview Press, Boulder, pp 141±153

Geiser F, Kenagy GJ (1987) Polyunsaturated lipid diet lengthens
torpor and reduces body temperature in a hibernator. Am J
Physiol 252: R897±R901

Geiser F, Kenagy GJ (1988) Torpor duration in relation to tem-
perature and metabolism in hibernating ground squirrels.
Physiol Zool 61: 442±449

Geiser F, Ruf T (1995) Hibernation versus daily torpor in mam-
mals and birds: physiological variables and classi®cation of
torpor patterns. Physiol Zool 68: 935±966

Geiser F, Hiebert S, Kenagy GJ (1990) Torpor bout duration
during the hibernation season of two sciurid rodents: interre-
lations with temperature and metabolism. Physiol Zool 63: 489±
503

Goldman BD, Darrow JM, Duncan MJ, Yogev L (1986) Photo-
period, reproductive hormones, and winter torpor in three
hamster species. In: Heller HC et al. (eds) Living in the cold.
Elsevier, New York, pp 341±350

Gurr MI, James AT (1980) Lipid biochemistry. Chapman and
Hall, London

Heller HC, Colliver GW (1974) CNS regulation of body temper-
ature during hibernation. Am J Physiol 227: 583±589

Hill RW (1972) Determination of oxygen consumption by use of
the paramagnetic oxygen analyzer. J Appl Physiol 33: 261±
263

Kessler G, Leder H (1965) Fluorometric measurement of trigly-
cerides. In: Skeggs LT (ed) Automation in analytical chemistry,
Technicon symposia. Mediat, New York

KoÈ rtner G, Geiser F (1996) Hibernation of mountain pygmy-pos-
sums (Burramys parvus) in the Australian alps. In: Geiser F et al.
(eds) Adaptations to the cold: tenth international hibernation
symposium. University of New England Press, Armidale, pp
31±38

Loh HH, Law PY (1980) The role of membrane lipids in receptor
mechanisms. Annu Rev Pharmacol Toxicol 20: 201±234

McMurchie EJ (1988) Dietary lipids and the regulation of mem-
brane ¯uidity and function. In: Aloia RC et al. (eds) Physio-
logical regulation of membrane ¯uidity. Liss, New York, pp
189±237

Montaudon D, Robert J, Dubourg L, Canguilhem B (1983) Sea-
sonal variations in the lipid composition of kidney and heart of
a hibernating mammal, the European hamster. Mol Physiol 3:
339±350

Montaudon D, Robert J, Canguilhem B (1986) Fluorescence an-
isotropy of kidney lipids and membranes of a hibernating
mammal. Cryobiology 23: 177±183

Orgeig S, Daniels CB, Lopatko OV, Langman C (1996) E�ect of
torpor on the composition and function of pulmonary sur-
factant in the heterothermic mammal (Sminthopsis crassicau-
data). In: Geiser F et al. (eds) Adaptations to the cold: tenth
international hibernation symposium. University of New En-
gland Press, Armidale, pp 223±232

Pohl H (1996) Circadian and circannual rhythmicity of hibernation
in the Turkish hamster,Mesocricetus auratus. In: Geiser F et al.
(eds) Adaptations to the cold: tenth international hibernation
symposium. University of New England Press, Armidale, pp
87±93

Robert J, Montaudon D, Dubourg L, Rebel G, Miro J,
Canguilhem B (1982) Changes in lipid composition of the
brain cellular membranes of a hibernating mammal during
its circannual rhythm. Comp Biochem Physiol 71B: 40±
416

Russom JM, Guba GR, Sanchez D, Tam CF, Lopez GA, Garcia
RE (1992) Plasma lipoprotein cholesterol concentrations in the
golden-mantled ground squirrel (Spermophilus lateralis): a
comparison between pre-hibernators and hibernators. Comp
Biochem Physiol 102B: 573±578

Tepperman J, Tepperman HM (1987) Metabolic and endocrine
physiology. Year Book Medical Publishers, Chicago

Tevis L (1953) Stomach contents of chipmunks and mantled
ground squirrels in northeastern California. J Mammal 34: 316±
334

Wang LCH (1978) Energetics and ®eld aspects of mammalian
torpor: the Richardson's ground squirrel. In: Wang LCH,
Hudson JW (eds) Strategies in cold. Academic Press, New
York, pp 109±145

Warnick GR, Benderson J, Albers JJ, Baillie EE, Sexton B (1982)
Dextran sulfate-Mg2+ precipitation procedure for quanti®ca-
tion of high-density lipoprotein cholesterol. Clin Chem 28:
1378±1388

Willis JS (1982) Is there a cold adaptation of metabolism in
hibernators? In: Lyman CP et al. (eds) Hibernation and torpor

421



in mammals and birds. Academic Press, New York, pp 140±
171

Wing®eld JC, Farner DS (1975) The determination of ®ve steroids
in avian plasma by radioimmunoassay and competitive protein
binding. Steroids 26: 311±327

Wood MD (1993) The e�ect of pro®tability on caching by the
eastern chipmunk (Tamias striatus). Am Midl Nat 129: 139±144

Yeagle PL (1985) Cholesterol and the cell membrane. Biochim
Biophys Acta 822: 267±287

Young PJ (1990) Hibernation patterns of free-ranging Columbian
ground squirrels. Oecologia 83: 504±511

Communicated by: I.D. Hume

422


