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Summary. Dietary lipids strongly influence the pattern of
torpor and the body lipid composition of mammalian
hibernators. The object of the present study was to inves-
tigate whether these diet-induced physiological and
biochemical changes also occur in species that show
shallow, daily torpor. Deer mice, Peromyscus manicula-
tus, were fed with rodent chow (control diet) or rodent
chow with either 10% sunflower seed oil (unsaturated
diet) or 10% sheep fat (saturated diet). Animals on the
unsaturated diet showed a greater occurrence of torpor
(80—100% vs 26—43%), longer torpor bouts (4.5vs
2.25h), a lower metabolic rate during torpor (0.96 vs
225ml O, -g 1 -h™1), and a smaller loss of body mass
during withdrawal of food (2.35 vs 3.90 g) than animals
on the saturated diet; controls were intermediate. These
diet-induced physiological changes were associated with
significant alterations in the fatty acid composition of
depot fat, leg muscle and brain total lipids, and heart
mitochondrial phospholipids. Significant differences in
the total unsaturated fatty acid (UFA) content between
animals on saturated and unsaturated diet were observed
in depot fat (55.7% vs 81.1%) and leg muscle (56.4% vs
72.1%). Major compositional differences between diet
groups also occurred in the concentration of n6 and/or
n3 fatty acids of brain and heart mitochondria. The study
suggests that dietary lipids may play an important role
in the seasonal adjustment of physiology in hetero-
thermic mammals.
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Abbreviations: EDTA ethylenediaminetetra-acetic acid; HEPES
N-2 hydroxyethylpiperazine-N*-2-ethanesulphonic acid; MUFA
monounsaturated fatty acids; PUFA polyunsaturated fatty acids;
RMR resting metabolic rate; SD standard deviation ; SFA saturated
fatty acids; SNK Student-Newman-Keuls test; T, air temperature;
T, body temperature; UFA unsaturated fatty acids; VO, rate of
oxygen consumption

* Dedicated to the late John K. Raison

Introduction

Mammalian torpor is expressed by a periodic reduction
in T, and other physiological functions. Torpor can be
deep and prolonged, as in hibernators with a Ty, of 0°C
or less, and animals may remain torpid for several weeks
(Barnes 1989; Wang 1989). In contrast to deep hiberna-
tion, T, during shallow, daily torpor falls only to about
10—25°C and torpor bouts always last less than 24 h
(Hudson 1973). However, Tys in this range are still fatal
for many homeothermic mammals, and physiological
and biochemical adaptations are required for survival of
shallow, daily torpor.

Ectothermic organisms acclimated to low T.,s in-
crease concentrations of UFA in tissues and cell mem-
branes (Cossins and Bowler 1987; Hazel 1988). This
enrichment of UFA appears to maintain a suitable fluid-
ity [“a measure of rates of molecular motion derived
from correlation times and rotational diffusion coef-
ficients of membrane probes of membranes” (Hazel
1988)] for normal physiological function at low tem-
peratures (Cossins et al. 1977; Hazel 1984, 1988; Cossins
and Bowler 1987). Hibernating endotherms which also
experience low Tys show a less pronounced seasonal shift
in membrane lipid fatty acid composition or bulk mem-
brane fluidity than ectotherms (Goldman 1975; Aloia
and Pengelley 1979; Augee et al. 1984; Geiser et al. 1984;
Montaudon et al. 1986; Raison et al. 1988). This may be
because mammalian hibernators rewarm periodically
from torpor and their cellular processes must cope with
short-term fluctuations. However, as with some cold-
acclimated ectotherms, hibernating mammals contain
relatively large proportions of unsaturated lipids in some
membranes and tissues (White 1973; Aloia 1979, 1988;
Aloia and Raison 1989; Geiser 1990), and it is likely that
some subtle, but physiologically important, seasonal dif-
ferences in the physical properties of membrane lipids
occur in hibernators (Raison 1984). Furthermore, torpid
hibernators burn predominantly SFA and conserve
PUFA in the depot fat (Florant et al. 1990). These ob-



F. Geiser: Dietary lipids and daily torpor

servations indicate that maintenance of a high concentra-
tion of UFA in tissue and membrane lipids is a general
requirement for organisms experiencing low Ts.

The lipid composition of tissues and cell membranes
is not only affected by temperature acclimation or the
patiern of thermoregulation of the animal, but also by
dietary fats (Fawcett and Lyman 1954; McMurchie
1988). Diet-induced changes in lipid composition in turn
alter thermal properties of membranes and the activity
of membrane-associated enzymes (McMurchie 1988).
Moreover, diet-induced alterations of the composition of
tissues and membranes are correlated with pronounced
changes in thermoregulation and the pattern of torpor of
hibernating animals; hibernation is deeper and longer in
animals on an unsaturated diet than in individuals on
saturated diet (Geiser and Kenagy 1987; Geiser 1990).
Because the PUFA linoleic acid (18:2) and linolenic acid
(18:3) are essential in the diet of mammals and are
required for biosynthesis of most longer PUFA (Lehnin-
ger 1982), selection of appropriate food may be impor-
tant for their seasonal adjustment in physiology.

The present study was undertaken to investigate the
influence of unsaturated and saturated lipid diets on
shallow, daily torpor in the deer mouse, Peromyscus
maniculatus. This species shows torpor bouts of several
hours and lowers its T, to about 15 °C (Morhardt 1970;
Tannenbaum and Pivorun 1984). The occurrence of tor-
por, duration of torpor, and reduction in metabolism
during torpor were compared between groups of P.
maniculatus maintained on diets supplemented with sun-
flower oil and sheep fat. The differences in the fatty acid
unsaturation of the experimental diets was mainly due to
different concentrations of linoleic acid (18:2). After the
organismal experiments were completed, the fatty acid
composition of depot fat, leg muscle, brain, and heart
mitochondrial membranes of the diet groups were deter-
mined and compared with the differences in the pattern
of torpor.

Materials and methods

Thirty P. maniculatus were trapped in early September in the Cas-
cade Mountains near Fish Lake, Chelan County, Washington, at
a mean body mass of 16.7+2.2 g (SD). They were transported to
the University of Washington, divided into three groups of matched
body mass and sex ratio, and maintained individually in cages at
an air temperature (T,) of 22+ 1 °C with a 12L: 12D photoperiod
(light from 06:00 to 18:00 hours PST). Animals were fed ad
libitum with water and three diets: (i) Ralston Purina rodent lab-
oratory chow 5001 as “control diet” (n=10) containing 30.4% of
18:2; (ii) rodent chow with a 10% addition by weight of sunflower
oil as “unsaturated diet” (# = 10) containing 60.5% of 18:2; and (iii)
rodent chow with 10% addition of sheep kidney fat as “saturated
diet” (n=10) containing 7.3% of 18:2. Diets were prepared as
previously described (Geiser 1990) and the total lipid fatty acid
composition of the three diets differed substantially (Table 1). Ani-
mals of each group were kept on the same diet throughout the
experimental period, and physiological measurements began after
the animals had been on the diets for 8 weeks.

Two methods were used to determine the frequency, duration
and depth of torpor:
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Table 1. Percent fatty acid composition of total lipids in the three
different diets used in this study

Fatty acid Saturated Control Unsaturated oil
fat diet diet diet
10:0 0.36 0.14 -
12:0 0.44 0.13 -
13:0 0.58 145 0.44
14:0 4.9 1.84 0.1
15:0 0.8 0.24 -
16:0 224 20.57 10.31
16:1n7 1.44 241 0.55
17:0 1.56 0.33 0.15
18:0 25.0 7.15 5.35
18:1n9 27.23 26.6 17.4
19:0 - 1.88 -
18:2n6 7.3 304 60.5
18:3n3 1.56 2.56 1.1
20:0 0.41 0.29 0.29
20:1n9 0.19 0.74 0.26
21:0 0.22 - -
20:2n6 - - 0.17
20:4n6 - 0.21 -
22:0 - - 0.57
20:5n3 0.14 1.4 0.29
24:0 - 0.3 0.22
22:5n3 0.13 0.29 -
22:6n3 0.26 1.12 0.46
SFA 56.67 34.32 17.43
UFA 38.25 65.73 80.73
PUFA 9.39 35.98 62.52
MUFA 28.86 29.75 18.21
n6 7.30 30.61 60.67
n3 2.09 5.37 1.85

Each number presents the mean of two diet preparations. Standard
deviation was less than 0.7% for all fatty acids. SFA =saturated
fatty acids, UFA=unsaturated fatty acids, PUFA =poly-
unsaturated fatty acids, MUFA =monounsaturated fatty acids

(i) The VO, was measured continuously for 23 h between 1500 and
14: 00 hours at T, 17.040.5 °C. Food and water were not provided.
For these measurements animals were transferred from their hold-
ing chamber to a 2-1 respirometer in a small temperature-controiled
cabinet. Flow rates of dry air were adjusted to 400 ml - min~! with
a Brooks thermal mass flow controller. The V0, was measured with
an Electrochemistry S—3A oxygen analyzer. The occurrence of tor-
por (the percentage of torpid individuals observed), the duration of
torpor, and daily PO, minimum, determined over an interval of at
least 30 min, were derived from these measurements. Animals were
considered torpid when VO, fell below 75% of the normothermic
resting VO, (Hudson and Scott 1979), but usually VO, fell well
below this value. To assess the amout of energy saved by entering
into torpor, VO, from entry to post-arousal was integrated and
expressed as a percentage of the RMR (=100%); for individuals
that did not enter torpor, RMR was used for calculation of diet
group means.

(i) Animals were transferred to a small walk-in, temperature-
controlled room and were exposed to L12: D12 and T, of either
1941 or 10+1°C from 15: 00 to 14: 30 hours. Food and water
were not provided. Animals were checked at 09: 00 hours because
it was observed during measurements of VO, that this was the most
likely time to encounter torpor in this species. Torpor was deter-
mined by observation of the animals’ coordination which is sub-
stantially reduced at low T,,. If no clear assessment of torpor could
be made from these observations, T, was measured by insertion of
a thermocouple probe 3cm into the rectum. Animals with
T, <31 °C were considered to be torpid (Hudson and Scott 1979).
Body masses were determined at the beginning and at the end of
each experiment. Measurements were repeated at T,=19 °C after
animals had recovered for 3 days in their holding room at T,=22 °C
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Table 2. Physiological parameters determined during measurements of VOZ in Peromyscus maniculatus on three different diets

Group n(N) Occurrence of Duration of Min VO, Min %O, (% RMR) Body mass
(diet) torpor torpor (all) (n=5) ()

(%) () ml-g7*-h ™  (ml-g7'-h™Y
Saturated (1) 9 (14) 43451 2.25+2.08 2.1541.31 1.214+0.64 76.2+24.6 18.5+2.7
Control (2) 10 (14) 64+ 50 3.05+£3.04 1.52+1.18 0.55+0.14 66.8-+27.3 18.2+1.9
Unsaturated (3) 10 (10) 100+ 0O 4.50+2.20 0.92+0.79 0.45+0.14 46.8+18.3 174+1.5
ANOVA P<0.01 ns ns P<0.025 P<0.05 ns
SNK Ivs2 ns - - P<0.05 ns -
SNK. 1vs3 P<0.05 - - P<0.05 P<0.05 -
SNK 2vs3 P<0.05 - - ns ns -
t-test 1vs3 P<0.01 P<0.05 P<0.05 P<0.05 P<0.01 ns

Food and water were not available during measurements and T,
was 17 °C. Values represent means+ SD. The mean minimum VOZ
was determined for all individuals and for the five individuals from
each group showing the most pronounced reduction in VOZ. The
% RMR is the percentage reduction of the metabolic rate of torpid
animals that was integrated from entry into torpor to the end of

with surplus food and water. Organismal experiments were carried
out between 5 November and 20 January.

Experimental animals were decapitated in the first week of
February and depot fat around the kidney, upper hind leg muscle,
and brain immediately removed and frozen. Hearts were removed
and washed in ice-cold mitochondrial isolation medium consisting
of 250 mM sucrose, 2 mM HEPES, 0.5mM EDTA, and 0.5 mg
bovine serum albumin - ml~* adjusted to pH 7.4 with KOH. Hearts
were chopped into small pieces with scissors and rinsed repeatedly
with isolation medium to remove blood. Heart tissue was then
homogenized with a glass-Teflon homogenizer. Heart mitochondria
were isolated by differential centrifugation at 2 °C as previously
described (Geiser et al. 1984). Mitochondria were washed, resus-
pended in distilled H,O, and frozen. All tissues and membranes
were frozen at —30 °C.

Total lipids of tissues were extracted and transesterified using
the method of Lepage and Roy (1986). The total lipids of heart
mitochondria were extracted, after addition of 0.1% butylated hy-
droxytoluene, using the method of Bligh and Dyer (1959). Phospho-
lipids were separated from the total lipids by thin-layer chromato-
graphy on Analtech Silica Gel G plates, which were developed in
petroleum ether/acetone (3:1). The phospholipids remaining at the
origin were eluted from the silica and transesterified (Lepage and
Roy 1986). Fatty acid methyl esters were extracted in hexane, and
analyzed by gas-liquid chromatography in a Hewlett-Packard
5790A gas chromatograph fitted with a Supelco SP—2330 capillary
column and a flame ionization detector. The percent fatty acid
concentration was determined with a Hewlett-Packard 3390A Inte-
grator. All lipid analyses were carried out within 2 months of tissue
preparation.

Numeric values are expressed as means+1 standard deviation
(SD). One-way analysis of variance (ANOVA) and Student-
Newman-Keuls test (SNK) were performed to detect differences in
physiology and biochemistry between diet groups. Because the
caloric contents of unsaturated and saturated diets were the same,
but differed from the control group, a t-test was also used to
compare mean physiological values of animals on saturated and
unsaturated diet. Percentage values were arcsine-transformed be-
fore statistical tests were performed (Sokal and Rohlf 1981).

Results

Dietary lipids and thermal physiology

Daily torpor in Peromyscus maniculatus was strongly
influenced by the lipid diets. The occurrence of torpor

arousal, in comparison to that of normothermic resting animals at
T,=17°C (RMR =100%); if individuals did not enter torpor RMR
was used for calculation of group means. Body masses refer to
measurements at the beginning of experiments. », number of in-
dividuals: N, number of determinations

and the minimum metabolic rate during torpor differed
among diet groups, and torpor was generally most pro-
nounced in animals on the unsaturated diet (Table 2).
Torpor occurred during all measurements of VO, in
animals on unsaturated diet, but only during 42% of
measurements in animals on saturated diet. The mini-
mum VO, during the 23-h measurements in animals on
unsaturated diet was less than 50% of that in animals on
saturated diet (Table 2). The drop in VO, showed a large
variation among individuals; therefore the VO, of five
individuals of each group in which the reduction of VO,
was most pronounced were compared. In this instance,
the VO, of animals fed saturated fat was almost three
times that in animals fed unsaturated oil (P<0.05;
ANOVA, SNK). The duration of torpor was longer
(4.50+2.20vs 2.2542.08h) in animals on the un-
saturated diet than in animals on the saturated diet
(P<0.05; ttest). Controls showed intermediate torpor
responses between the two experimental diet groups
(Table 2). Normothermic T, and RMR did not differ
between diet groups. The mean T, for normothermic,

Table 3. The occurrence of torpor and the weight loss of Perontyscus
maniculatus on three different diets

Diet n(N) Occurrence  Weight loss  Body mass
Group of torpor (€3] (g)

(%)
Saturated (1) 10 (19) 26 +45 3.90+1.10 17.1+£2.3
Control (2) 10 20 60150 2.56+0.60 18.241.2
Unsaturated (3) 10 (20) 80141 2.354+0.62 16.6+1.7
ANOVA P<0.01 P<0.01 ns
SNK 1vs2 P<0.05 P<0.05 -
SNK 1vs3 P<0.05 P<0.05 -
SNK 2vs3 ns ns -
t-test 1vs3 P<0.001 P<0.01 ns

Food and water were withheld from 1500 to 1430 hours, T, was
19 °C, and single observations were made at 0900 hours. Values
represent means +SD. Body masses refer to measurements at begin-
ning of experiments. Weight loss was measured over the 23.5 h
period of food withdrawal
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Table 4. Percent fatty acid composition of depot fat total lipids of P. maniculatus maintained on different lipid diets

Fatty Saturated Control Unsaturated ANOVA SNK P<
acid fat diet (1) diet (2) oil diet (3) * P< Tvs2 v Sved
n=4 n=4 n=4

8:0 tr tr tr -
10:0 tr tr tr -
12:0 0.204-0.04 0.1140.01 tr 0.0001 0.05 0.05 0.05
14:0 3.2140.14 1.704-0.13 0.67+0.05 0.0001 0.05 0.05 0.05
15:0 0.701+0.04 0.4240.03 0.2140.01 0.0001 0.05 0.05 0.05
16:0 20.81+1.95 18.93+0.44 10.68+1.14 0.0001 ns 0.05 0.05
16:1n7 3.13+0.26 549+1.47 1.2840.14 0.0001 0.05 0.05 0.05
17:0 1.3640.11 0.524+0.04 0.36+0.07 0.0001 0.05 0.05 0.05
18:0 14.424+1.17 4.664-0.55 6.08+1.08 0.0001 0.05 0.05 0.05
18:1n9 40.31+3.36 41.42+3.04 22.284+1.07 0.0001 ns 0.05 0.05
18:2n6 10.64+0.91 23.2643.18 56.53+2.09 0.0001 0.05 0.05 0.05
18:3n6 —- tr - ns
18:3n3 1.0540.20 1.0240.16 0.474+0.07 0.001 ns 0.05 0.05
20:0 0.4240.05 - tr 0.0001 0.05 0.05 ns
20:1n9 0.14+0.10 0.384+0.04 0.21+0.03 0.05 0.05 ns ns
21:0 - tr - ns
20:2n6 0.2540.18 0.1940.03 0.1440.04 ns
20:3n6 tr tr - ns
20:4n6 tr tr 0.2440.07 0.07 ns 0.05 ns
22:0 - - tr ns
20:5n3 - 0.1840.03 tr 0.0001 0.05 ns 0.05
22:5n3 ~- tr - s
22:603 tr 0.24+0.17 0.14+0.07 ns
SFA 41.17+3.17 26.4140.68 18.204+2.20 0.0001 0.05 0.05 0.05
UFA 55.70+2.56 72.404+0.45 81.10+2.23 0.0001 0.05 0.05 0.05
PUFA 12.13+1.14 25.124+3.25 57.544+2.09 0.0001 0.05 0.05 0.05
MUFA 43.5743.58 47.28+3.64 23.764+1.13 0.0001 ns 0.05 0.05
né 10.984-0.98 23.564-3.07 56.91+2.06 0.0001 0.05 0.05 0.05
n3 1.154+0.28 1.5340.34 0.634+0.17 0.01 ns 0.05 0.05
né/n3 9.9642.26 15.90+3.83 94.67+20.1 0.0001 ns 0.05 0.05

Fatty acid concentrations are shown as the mean percentage +SD
of the number of individuals investigated. Trace (tr) is shown where

resting individuals from all diet groups at T,=17 °C was
352408°C (n=18), and RMR was 3.67+0.33ml
0,-g t-h™! (n=22). The reduction of metabolic rate
during a complete bout of torpor was more pronounced
in animals on unsaturated diet than in animals on sat-
urated diet; controls were intermediate (Table 2).

During single observations of torpor (0900 hours) at
T,=19°C, 26.3% of the animals on saturated diet showed
torpor in contrast to 80% of animals on unsaturated
diet (Table 3). This difference was accompanied by a
lower weight loss during 23.5 h withdrawal of food in
animals on unsaturated diet than in animals on saturated
diet (P<0.05; ANOVA, SNK). The body mass of the
three dietary groups was indistinguishable (P>0.1;
ANOVA). At T,=10°C, the differences in the occur-
rence of torpor between diet groups were similar to those
at T,=19 °C. Torpor was observed in 70% of animals on
unsaturated diet, but in only 30% of animals on saturated
diet. At both T,s, control animals showed intermediate
occurrence of torpor and weight loss.

Diet-induced differences in body fatty acid composition

The differences in fatty acid composition among diet
groups were distinct, but not all tissues and membranes
of P. maniculatus responded in the same way. Pro-
nounced differences among animals on the three diets

the fatty acid concentration was less than 0.1%. — Fatty acid not
present or statistical test not performed

were observed in the total lipid fatty acid composition of
depot fat (Table 4). Of the 21 fatty acids tested, only 7 did
not show significant differences among the diet groups.
One of these 21 fatty acids (20:4n6) was close to being
significant (P=0.07; ANOVA); however, SNK revealed
compositional differences (P<0.05) between animals on
saturated and unsaturated diets (Table 4). The sum of
SFA, UFA, MUFA, PUFA, n6, and n3, and the n6/n3
fatty acid ratio also differed among diet groups. The fatty
acid composition of depot fat of P. maniculatus (Table 4)
strongly reflected that of the diet (Table 1), although the
differences were less pronounced than differences be-
tween the diets. Animals on the sheep-fat diet contained
more UFA in their depot fat than the diet; animals on
control diet and unsaturated diets contained less UFA
than the diet.

Diet-induced changes in the total lipid fatty acid com-
position of leg muscle were also very pronounced
(Table 5). Of the 20 fatty acids tested only 3 did not differ
among diet groups. One of these 20 fatty acids (20:3n6)
was close to being significant (P=0.08; ANOVA), but
significant differences between animals on saturated and
unsaturated diet were revealed by SNK (P <0.05). The
sum of SFA, UFA, PUFA, and n6, and the n6/n3 fatty
acid ratio also differed among diet groups.

Brain total lipid fatty acids showed much smaller
differences among diet groups than those from depot fat
and leg muscle (Table 6). Nevertheless, of the 23 fatty



594 F. Geiser: Dietary lipids and daily torpor

Table 5. Percent fatty acid composition of leg muscle total lipids of P. maniculatus maintained on different lipid diets

Fatty acid Saturated Control Unsaturated ANOVA SNK P<

fat diet (1) diet (2) oil diet (3) P<

n=4 n=4 n=4 1vs2 1vs3 2vs3
12:0 0.124+0.02 tr tr 0.01 0.05 0.05 ns
14:0 1.82+0.26 1.07+0.33 0.56+0.14 0.001 0.05 0.05 0.05
15:0 0.46+0.07 0.28+0.09 0.20+£0.07 0.005 0.05 0.05 ns
16:0 20.23+1.39 20.04+1.14 15.45+1.76 0.005 ns 0.05 0.05
16: 107 3.67+£1.29 4.68+1.73 1.84+0.34 0.05 ns 0.05 0.05
17:0 0.99+0.04 0.361+0.23 0.42+0.11 0.05 0.05 0.05 ns
18:0 12.98 +1.64 9.43+2.76 10.19+2.75 ns
18:1n9 24.00+2.71 23.19+7.34 15.32+1.64 0.05 ns 0.05 0.05
18:2n6 11.72+1.27 16.19+2.97 37.04+7.76 0.001 ns 0.05 0.05
18:3n3 0.76 +0.09 0.59+0.22 tr 0.01 ns 0.05 0.05
20:0 0.234+0.12 - - 0.0001 0.05 0.05 ns
20:1n9 - 0.23+0.06 tr 0.001 0.05 ns 0.05
20:2n6 0.154+0.17 tr tr ns
20:3n6 0.204+0.16 tr - 0.08 ns 0.05 ns
20:4n6 2.03+0.50 - - 0.0001 0.05 0.05 ns
20:3n3 - 2.65+1.23 3.3441.01 0.0001 0.05 0.05 ns
20:5n3 0.4340.29 0.70+0.54 tr 0.05 ns ns 0.05
22:4n6 - ir 0.32+£0.04 0.0001 ns 0.05 0.05
22:5n3 1.724+0.26 1.78 £0.67 0.721£0.24 0.05 ns 0.05 0.05
22:6n3 15.0442.65 16.75+£7.14 13.23+£4.72 ns
SFA 36.85+1.82 31.244+3.00 26.81+4.47 0.01 0.05 0.05 ns
UFA 59.70+1.87 66.95+3.12 72.10+4.48 0.01 0.05 0.05 ns
PUFA 32.03+£3.74 38.8445.74 54.90+3.29 0.0001 ns 0.05 0.05
n6 14.09+1.11 16.36£3.15 37.45+7.94 0.0001 ns 0.05 0.05
n3 17.95+2.98 22.25+8.74 17.44+5.59 ns
n6/n3 0.79+0.11 0.871+0.74 2.46+1.36 0.05 ns 0.05 0.05
Fatty acid concentrations are shown as the mean percentage+SD the fatty acid concentration was less than 0.1%. — Fatty acid not
of the number of individuals investigated. Trace (tr) is shown where present or statistical test not performed

Table 6. Percent fatty acid composition of brain total lipids of P. maniculatus maintained on different lipid diets

Fatty acid Saturated Control Unsaturated ANOVA SNK P<

fat diet (1) diet (2) oil diet (3) P<

n=4 n=4 n=4 1vs2 1vs3 2ys3
13:0 tr tr - 0.0001 0.05 0.05 0.05
14:0 0.14+0.14 0.124-0.02 0.124+0.02 ns
16:0 15.91+0.82 17.01 £1.37 16.53+0.37 ns
16:1n7 0.5240.11 0.57+£0.09 0.55+0.09 ns
17:0 0.27+£0.01 0.20£0.02 0.2040.02 0.01 0.05 0.05 ns
18:0 17.88+1.25 18.18 £0.72 18.33+£0.32 ns
18:1 18.93+1.41 18.7940.61 18.60+0.74 ns
18:2n6 0.93+0.09 0.9540.14 1.70+0.21 0.0001 ns 0.05 0.05
20:0 0.534+0.11 0.48+0.11 0.45+6.07 ns
20:1n9 2.654+0.57 2.1340.46 2.15+0.41 ns
21:0 0.24+£0.03 0.31+0.05 0.24+0.09 ns
20:2n6 0.19+£0.03 tr 0.3240.02 0.01 0.05 ns 0.05
20:3n6 0.4240.04 0.37+0.06 0.3940.05 ns
20:4n6 8.324+0.81 8.68+0.48 9.33+0.34 ns
22:0 0.56+0.21 0.4340.15 0.4840.10 ns
22:1n9 0.28 +0.06 0.204+0.11 0.214+0.06 ns
20:5n3 - tr - ns
23:0 - - 0.2740.07 0.0001 ns 0.05 0.05
22:4n6 2.40+0.29 2.31+0.14 2.71+0.14 0.06 ns 0.05 ns
24:0 1.10+0.19 0.624+0.29 0.3940.13 0.005 0.05 0.05 ns
24:1n9 2.194+0.70 1.6140.72 1.724+0.45 ns
22:5n3 0.38 £0.08 0.4540.07 0.2140.06 0.005 ns 0.05 0.05
22:6n3 16.41+1.15 17.50+1.29 16.10+0.83 ns
SFA 36.724+1.61 37.524+1.38 37.06+0.43 ns
UFA 53.5140.72 53.71+0.79 53.95+0.48 ns
PUFA 29.02+2.11 30.43+1.38 30.72+1.36 ns
né 12.24+1.01 12.4240.33 14.464+0.59 0.005 ns 0.05 0.05
n3 16.78 +-1.14 17.87+1.41 16.28 +0.82 ns
n6/n3 0.7340.02 0.70 +£0.05 0.88 +0.04 0.01 ns 0.05 0.05
Fatty acid concentrations are shown as the mean percentage + SD the fatty acid concentration was less than 0.1%. — Fatty acid not

of the number of individuals investigated. Trace (tr) is shown where present or statistical test not performed



F. Geiser: Dietary lipids and daily torpor

595

Table 7. Percent fatty acid composition of heart mitochondrial phospholipids of P. maniculatus maintained on different lipid diets

Fatty Saturated Control Unsaturated ANOVA SNK P<

acid fat diet (1) diet (2) oil diet (3) P< Tve2 vs3 a3
n=4 n=4 n=4

10:0 tr tr - ns

12:0 tr - — ns

15:0 0.0840.02 0.0840.05 tr 0.07 ns 0.05 ns

15:1n9 0.7740.17 1.204+0.25 0.8140.23 0.05 0.05 ns 0.05

16:0 11.7540.17 13.24+0.30 12.644+1.47 ns 0.05 ns ns

16:1n7 0.234:0.09 0.3540.07 0.134£0.15 0.08 ns ns 0.05

17:0 0.8040.02 0.4940.03 0.52+0.10 0.0001 0.05 0.05 ns

17:1a9 1.2040.25 0.95+0.14 1.04+0.15 us

18:0 21.424-0.80 18.40+0.57 22.074+2.25 0.01 0.05 ns 0.05

18:1 7.18+1.01 6.95-0.07 4.63+0.51 0.005 ns 0.05 0.05

18:2n6 13.114+2.46 16.324+1.01 20.964+1.83 0.001 0.05 0.05 0.05

18:3n3 0.4540.19 0.3340.11 tr 0.0001 ns 0.05 0.05

20:2n6 tr 0.1940.22 0.194+0.23 ns

20:3n6 0.1340.15 0.144+0.13 tr ns

20:4n6 2.83+0.47 2.9440.97 4.36+1.14 ns

20:5n3 0.48 +0.07 0.5940.21 tr 0.0001 ns 0.05 0.05

22:4n6 tr tr 0.954+0.37 0.0001 ns 0.05 0.05

24:0 0.524:0.14 0.49+0.09 1.1940.81 ns

22:5n3 2.7940.09 2.274+0.52 1.344+0.16 0.001 ns 0.05 0.05

22:6n3 35.50+2.00 34.87+1.65 29.014+4.39 0.05 ns 0.05 0.05

SFA 34.631+0.67 32.601+0.85 36.43+3.57 ns

UFA 64.26+1.28 67.09+0.81 63.42+3.41 s

PUFA 55.314+2.48 57.66+1.14 56.85+2.62 ns

MUFA 9.384+1.36 9.4541.03 6.60+0.99 0.01 ns 0.05 0.05

né 16.09+2.73 19.594+1.32 26.45+3.15 0.001 ns 0.05 0.05

n3 39.214+2.14 38.06-+0.99 30.344-4.48 0.01 ns 0.05 0.05

n6/n3 0.414+0.08 0.524+0.05 1.174+0.27 0.001 ns 0.05 0.05

Fatty acid concentrations are shown as the mean percentage +SD
of the number of individuals investigated. Trace (tr) is shown where

acids tested, 8 showed significant differences among diet
groups. The fatty acid 22:4n6 differed only between
animals on saturated and unsaturated diets (P<0.05;
SNK). The sum of SFA, UFA, and PUFA did not differ
among diet groups; however, the né fatty acids and the
n6/n3 fatty acid ratio showed distinct differences.

The phospholipid fatty acids of heart mitochondria
also differed substantially among diet groups (Table 7).
Of 20 fatty acids tested, 12 showed significant differ-
ences; 2 of these 12 (15:0 and 16: In7) were only distin-
guishable by SNK. Furthermore, the sum of MUFA, n6,
n3, and the ratio of n6/n3 fatty acids differed significantly
among diets. The experimental diets did not induce a
difference in the sum of the SFA, UFA, and PUFA of
heart mitochondrial membranes, but rather induced in a
shift from n6 to n3 fatty acids. Animals on the un-
saturated diet showed an increase in n6 fatty acid con-
tent, whereas animals on the saturated diet contained
more n3 fatty acids than animals on the unsaturated diet.
A high concentration (>29%) of docosahexaenoic acid
(22:6n3) was observed in all diet groups.

Discussion

The present study shows that the composition of dietary
lipids has a pronounced effect on the pattern of torpor
in P. maniculatus. Some of these changes in torpor pat-
terns may be explained by the compositional changes of
fatty acids in tissues and membranes that were induced
by the lipid diets.

the fatty acid concentration was less than 0.1%. — Faity acid not
present or statistical test not performed

Torpor was most pronounced in animals on the un-
saturated diet. Torpor was more frequent, torpor bouts
lasted about twice as long, metabolic rate was lower, and
the loss of body mass in animals without food and water
was lower in animals on unsaturated diet than in those
on saturated diet. The more pronounced torpor in ani-
mals on unsaturated diet would probably increase their
chance of survival during cold exposure and food short-
age in the wild. Therefore, selection of diets with high
amounts of UFA {e.g., oily seeds) may be important for
winter preparation in this species. It is known that seed
intake increases in autumn in P. maniculatus (Howard
1961), and a seasonal change in diet may play an impor-
tant role in the seasonal adjustment of physiology that
occurs in this and many other heterothermic species
(Lynch et al. 1978; Heldmaier and Steinlechner 1981;
Geiser and Baudinette 1987; Fowler and Racey 1990).

The consistent differences in the physiological vari-
ables of torpor among the diet groups suggest that they
are interrelated. A more frequent occurrence of torpor in
animals receiving an unsaturated diet perhaps reflects the
greater reduction of T, and VO, which enhance energy
savings and make the use of torpor more “profitable” to
the individual. Energy savings by deeper, longer, and
more frequent torpor in animals on unsaturated diet are
substantially greater than in animals on the saturated
diet (Table 3). The lower minimum VO, of torpid ani-
mals on the unsaturated diet is most probably due to a
greater drop of T, than in animals on saturated diet. The
longer torpor bouts in animals fed unsaturated oil prob-
ably result from low T, and VO, since these are inversely
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related to the duration of torpor bouts (Geiser et al.
1990).

Diet-induced changes in torpor patterns observed
here are in agreement with previous observations on
hibernating chipmunks, Eutamias amoenus (Geiser and
Kenagy 1987). E. amoenus showed longer torpor bouts,
lower T,s, and lower VO, on unsaturated than on sat-
urated diet (Geiser and Kenagy 1987). The similar diet-
induced physiological response in the daily heterotherm
P. maniculatus and the deep hibernator E. amoenus sug-
gest that at least some of the physiological adaptations
underlying daily torpor and hibernation are similar. Al-
though T, during daily torpor in P. maniculatus falls by
only about 20 °C, such a drop would be fatal for many
homeothermic species, and adaptations for normal phys-
iological function at these Tys are required. Since in-
creases in PUFA in P. manicultus and E. amoenus were
correlated with enhanced torpor, it is likely that the lipid
composition of tissues and membranes plays an impor-
tant part in surviving daily torpor and hibernation.

Diet-induced changes in fatty acid composition were

" observed in all tissue and membranes; however, the ex-
tent of these changes differed substantially among tissues
and membranes. Changes of tissue fatty acid com-
position were most pronounced in the depot fat and
muscle tissue, were intermediate in heart mitochondrial
membranes, and the smallest changes were observed in
brain tissue. The lipid composition of membranes and
tissue is genetically controlled (Lehninger 1982). The
different changes in various tissues suggests that some
tissues {c.g., brain) are more conservative in maintaining
their composition than others (e.g., depot fat). Further-
more, analysis of total brain tissue may not reveal com-
positional changes in different membrane fractions
(Hazel 1988). Some tissues may require less composition-
al changes than others for normal function at low T,. For
example, the heart must maintain its physical activity
during hibernation, and heart mitochondria may
therefore require substantial compositional changes.
Despite the differences between tissues in their response
to dietary lipid treatment, it appears that lipid diet had
a much stronger effect on the composition of tissues and
membranes of both the daily heterotherm P. maniculatus
and the hibernator E. amoenus than on non-hibernators
(White 1973; McMurchie 1988; Geiser 1990; present
study). This difference in diet-induced changes in fatty
acid composition of heterotherms and non-hibernators
appears to reflect their mode of thermoregulation. Non-
hibernators, with their constant high T, do not require
adaptations for function at low T, and dict-induced
changes in body lipid composition may be undesirable.
In contrast, hibernators and daily heterotherms must
survive pronounced drops in T, and may profit from
incorporating large amounts of UFA from their diet into
tissues and membranes.

The correlation between the pattern of torpor and the
fatty acid composition of tissues and membranes raises
the question of functional linkage. Diet-induced changes
in membrane composition affect the activity of mem-
brane-associated enzymes (McMurchie 1988), and it
seems reasonable to assume that cellular metabolism

F. Geiser: Dietary lipids and daily torpor

could be directly affected by compositional changes. This
may explain differences in the metabolic rate of the diet
groups. However, it is likely that membrane compostion
is not the only factor that contributes to the physiological
differences among the diet groups. Since the fatty acids
of depot fat changed so substantially, it is possible that
the composition of the depot fat directly affects metabo-
lism. It has been shown that unsaturated fatty acids are
potent inhibitors of thyroid hormone binding to isolated
rat liver cells, and it is possible that this lowers cellular
metabolism and the metabolic rate of the animal (Wier-
singa et al. 1988).

This study shows that the composition of dietary fatty
acids influences the pattern of daily torpor. Hence dietary
lipids may have an important role in nutritional ecology
and the seasonal adjustment of thermal physiology in
heterothermic mammals.
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