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Dietary lipid composition profoundly influences the hibernation pattern of the chipmunk Eutamias amoenus. The object
of the present study was to investigate whether these physiological changes following feeding of saturated and
unsaturated lipids were associated by compositional changes of fatty acids of tissues and membranes, Animals were fed
with rodent chow (control diet), rodent chow with 10% sunflower seed oil (unsaturated diet) and rodent chow with 10%
sheep fat (saturated diet). Diet-induced changes in the fatty acid composition of depot fat and brain total lipids and of
mitochondrial phospholipids were determined. The fatty acid unsaturation index was lower in animals on saturated diet
than in animals on unsaturated diet (depot fat 86.1 vs. 145.9; heart mitochondria 207.6 vs. 247.1; liver mitochondria
148.4 vs. 173.5). Pronounced differences between dietary groups were also observed in n — 3 or n — 6 fatty acids or
their ratios of depot fat, brain and liver mitochondria. Generally, the diet-induced differences in tissue and membrane
fatty acid composition in E. amoenus were more pronounced than those observed previously in non-hibernating species.
Selective feeding and incorporation of high amounts of unsaturated fatty acids into tissues and cell membranes may be
an important preparation for hibernation in E. amoenus which lowers its body temperature during torpor to about 0°C.

Introduction

During periods of torpor many hibernating mammals
reduce their body temperature (7,) to about 0°C or
even below 0°C [1,2]. This is in contrast to homeother-
mic endotherms which always maintain a high T, of
about 35-40°C and generally do not survive a substan-
tial reduction in T,. The difference in thermoregulation
between homeothermic and hibernating endotherms is
reflected in the function and properties of their cell
membranes [3]. Cells of hibernating mammals can
maintain ionic gradients at low temperatures and their
enzymes are less temperature sensitive than those from
homeotherms [3]. These functional differences may be
in part due to differences in cell membrane lipid com-
position of the two groups [3-6]. One of the major
difference in the lipid composition appears to be the
greater proportion of unsaturated fatty acids in some
cell membranes of hibernators than in homeotherms
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{3,5). A comparatively higher proportion of unsaturated
fatty acids has also been observed in the membranes of
cold acclimated ectothermic organisms and thus ap-
pears to be a general requirement for physiological
function at low temperatures [7-11].

The pattern of thermoregulation or thermal acclima-
tion are not the only factors that influence the lipid
composition of tissues and membranes in animals.
Composition of both tissues and membranes reflect
dietary lipids ingested by the animal [12,13]. Composi-
tional changes of cell membranes in turn influence their
physical properties and the activity of membrane-asso-
ciated enzymes [14-16]). At the organismal level, dietary
lipids alter the hibernation pattern of hibernating
chipmunks, Eutamias amoenus [17). Chipmunks on a
unsaturated diet show lower body temperatures and
longer torpor duration than chipmunks on a saturated
diet and it was proposed that diet-induced changes in
the composition of cell membranes may be responsible
for these physiological changes [17].

In the present study I investigated to what extent the
diet-induced alterations in the hibernation pattern of
chipmunks were accompanied by changes of fatty acid
composition of tissues and membranes. Because com-
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positional differences in lipid diet so profoundly af-
fected whole animal physiology it was particularly inter-
esting to know whether compositional changes of tissues
and membranes of these hibernators are more pro-
nounced than has been observed previously in non-
hibernating mammals.

Materials and Methods

22 FEutamias amoenus were trapped in early Septem-
ber 1985, about 8 weeks before they would naturally
begin to hibernate, in the Cascade Mountains near Lake
Wenachee, Chelan County, Washington, at a mean mass
of 42.8 g. They were transported to the University of
Washington, divided into three groups of matched body
mass and sex ratio and were kept individually in cages
at an air temperature (7,) of 22 + 1°C with a 12L: 12D
photoperiod (light from 0600-1800 h PST). Animals
were fed ad libitum throughout the experiment with
water and three diets: (i) Ralston Purina rodent labora-
tory chow 5001 as “control diet’, (ii) rodent chow with a
10% addition by weight of sunflower seed oil as ‘un-
saturated diet’, and (ii) rodent chow with 10% addition
sheep kidney fat as ‘saturated diet’. Pellets were soaked
in oil or fat overnight at 60 °C. Pellets were then
transferred to a strainer at 60°C and repeatedly weighed
until their fat content was 10 + 0.5%. The fat or oil was
equally distributed through the pellets and partly eaten
pellets were not removed from animals to ensure that
they consumed the intended amount of fat. The total
lipid fatty acid composition of the three diets differed
substantially (Table 1). The energy content of the con-
trol diet was about 18 kJ/g and that of the fat diets
about 22 kJ/g (39 kJ /g fat). Animals reached a peak
body mass (mean 66.4 g; control diet 742 + 78 g;
unsaturated diet 64.7 + 6.7 g; saturated diet 63.7 & 4.6)
after 8 weeks on their diet and were then transferred to
a controlled-environment chamber at T, 10°C.

Animals were held at 7, 10°C from 20 November to
5 December, 7, 5°C from 6 December to 10 January,
and T, 0.5°C from 11 January. Hibernating animals
were decapitated between day 2 and day 4 of a torpor
bout in early February 1986. February is in the central
part of the hibernation season of this species [18].
Animals used for lipid analyses were the same individu-
als that were used in the previous study and body mass
was indistinguishable between diet-groups [17]. Depot
fat (white adipose tissue) around the kidney was im-
mediately removed and frozen. Brains were removed
and divided into cerebrum and the rest of the brain
without the cerebrum (i.e., olfactory bulb, diencephalon,
mesencephalon, cerebellum and medulla oblongata).
Both brain samples were immediately homogenized in
destilled water and frozen. Hearts and livers were re-
moved and washed in ice-cold mitochondrial isolation
medium consisting of 250 mM Sucrose, 2 mM Hepes,

TABLE 1
Percent fatty acid composition of total lipids in the three different diets

Number of carbon atoms, number of double bonds and position of
double bonds of fatty acids are shown. Percentage values of different
fatty acids represent the means of two diet samples. Unsaturation
index (U.1.) is the sum of % unsaturated fatty acids multiplied by their
number of double bonds. S.D. < 0.1 not given. Sheep fat and sunf-
lower oil diets were considered different (*) if the ratio of their fatty
acid composition differed > 20%. —, Fatty acid not present.

Fatty Sheep Control Sunflower Ratio
acid fat diet (1) diet {2) oil diet {3} (H,/(3)
(n=2) {(n=2) (n=12)

10:0 0.36 0.14 -

12:0 0.44 0.13 - -
13:0 0.58 1.45 0.44 1.32 *
14:0 4.9 1.84 0.1 49 *
15:0 0.8 0.24 - -
16:0 224 +04 20574046  10314+016 217*
16:1(n-7y 144 2.41 0.55 262*
17:0 1.56 0.33 0.15 10.4 *
18:0 250 06 715+0.14 5.35+0.2 4.67*
18:1 27.23+067 266 £014 174 +02 1.56 *
19:0 - 1.88 - -
18:2(n-6) 7.3 +04 304 +£0.35 605 +1.2 012>
18:3(n-3) - 2.56 1.1 -
20:0 0.41 0.29 0.29 141 *
20:1(n-9 019 0.74 0.26 0.73*
21:0 0.22 - - -
20:2(n-6) - - 0.17 -
20:4 (n-6) - 0.21 - -
22:0 - - 0.57 -
20:5(n-3) 014 1.47 0.29 048 *
24:0 - 0.3 0.22 -
22:5 0.13 0.29 - -
22:6(n-3) 0.26 1.12 0.46 0.57 *
UL 46 115 147 0.31 *

0.5 mM EDTA and 0.5 mg/ml bovine serum albumin
adjusted to pH 7.4 with KOH. Hearts and livers of
individual animals were chopped into small pieces with
scissors and rinsed repeatedly with isolation medium to
remove blood. The tissue was then homogenized with a
glass-Teflon homogenizer. Mitochondria were isolated
by differential centrifugation at 2°C as described [19].
Mitochondria were washed twice, resuspended in H,O
and frozen. All samples were frozen at —30°C.

Total lipids of fat and brain were extracted and
transesterified [20] within 2 months of preparation. The
total lipids of mitochondria were extracted [21], after
addition of about 0.1% butylated hydroxytoluene. Phos-
pholipids were separated from the total lipids by thin-
layer chromatography on Silica-gel H plates which were
developed in petroleum ether/acetone (3:1, v/v). The
phospholipids remaining at the origin were eluted from
the silica and transesterified [20]. 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 integrator.

Numeric values are expressed as mean + 1 S.D. Stat-
istical tests were performed on arcsine-transformed per-
centage values [22]. Unsaturation index (U.1.) and ratios
were not transformed. Statistical tests used were one-way
analysis of variance (ANOVA) and the Scheffé method
range test [22]. Statistical differences were assumed sig-
nificant at the 95% level (P < 0.05). Only two samples
were collected for lipid diet preparations and brain
parts from each diet group and therefore no statistical
test was performed. However, it was assumed that
saturated and unsaturated diets and brains of animals
on these diets differed if the difference in fatty acid
composition was > 20%.

Results

Dietary lipids had a pronounced effect on the ap-
pearance of E. amoenus depot fat. When tissues were
prepared the depot fat of unsaturated fat fed animals
had the appearance of oil whereas that from the
saturated fat fed animals looked more like their dietary
animal fat. Compositional differences of depot fat total
lipids were also very pronounced (Table II). Of the 14
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fatty acids detected, 10 differed significantly (P < 0.01;
ANOVA). Only linolenic acid (18:3(n — 3)) was not
significantly different. Because 15:0, 19:0 and 20:0
showed no overlap between dietary groups (in some
dietary groups these fatty acids were found only in
traces or were not detected at all, whereas in others they
represented a substantial proportion), it was assumed
that they differ, although no test was performed. The
pronounced differences in the composition of the vari-
ous fatty acids also was reflected in the unsaturation
index (U.L), total saturated and unsaturated fatty acids,
n—6 and n— 3 fatty acids as well as their ratios. The
unsaturation index was considerably greater in the
animals on the unsaturated diet than in the other groups.
The fatty acid composition of E. amoenus depot fat was
similar to that of the diets although the unsaturation
index of the saturated diet group was substantially
greater than that of the diet.

Brain total lipid fatty acid composition also differed
between the diet groups (Tables III and IV). For the
cerebrum 21 fatty acids were detected and 6 of these
differed by more than 20% between animals on un-
saturated and saturated diets (Table I1I). Furthermore,
the n — 6 fatty acids differed distinctly between animals
on saturated and unsaturated diets. The rest of the
brain without the cortex showed greater diet-induced

Depot fat total lipid fatty acid composition of hibernating Eutamias amoenus on the three different lipid diets

The fatty acids (FA) shown as the mean percentage + S.D. The unsaturation index (U.L) is the sum of the % unsaturated fatty acids multiplied by
their number of double bonds; trace (tr) represents fatty acids that were present at <0.1%. —, Fatty acid not present or statistical test not

performed. n.s., not significant.

Fatty acid Sheep fat Control Sunflower P<
diet (1) diet (2) oil diet (3)
(n=4) (n =4 (n=14) ANOVA Range test

1-2 1-3 2-3
14:0 1.18+0.23 0.82+0.17 0.52+0.06 0.001 ns. 0.05 ns.
15:0 0.23+0.03 - - -
16:0 11.74+1.15 9.50+2.0 6.76 +£0.28 0.005 ns. 0.05 ns.
16:1(n-7) 6.50+0.51 7.30+1.7 3.80+1.2 0.01 ns. 0.05 0.05
17:0 1.33+0.10 0.2140.03 0.16+£0.02 0.00001 0.05 0.05 ns.
18:0 8.231+1.08 2.80+0.3 3.72+045 0.00001 0.05 0.05 ns.
18:1 5240+24 56.10+5.8 25.10+2.5 0.00001 ns. 0.05 ns.
19:0 tr 2.30+0.1 tr -
18:2 (n-6) 12.601+1.06 16.64+21 56.40+2.5 0.00001 0.05 0.05 0.05
18:3(n-3) 0.48+0.12 0.72+0.26 0.43+0.03 ns.
20:0 0.161+0.03 tr 0.10+£0.09 -
20:1(n-9) 0.6410.14 1.321+0.67 026+0.14 0.00001 0.05 0.05 0.05
22:5(n-3) 0 0.26 +0.06 0.14+0.05 0.00001 0.05 0.05 0.05
22:6(n-3) 0 0.24+0.01 0.19+0.09 0.00001 0.05 0.05 ns.
U.L 86.1 +3.3 103.2 £0.6 1459 +2.6 0.00001 0.05 0.05 0.05
Sat. FA’s 22.85+2.31 15.55+2.64 11.24+0.73 0.0001 0.05 0.05 ns.
Unsat. FA’s 72.544+2.58 82.751+2.65 86.53+0.80 0.00001 0.05 0.05 n.s.
Sat./Unsat. 0.31+0.04 0.19+0.04 0.13+0.01 0.0001 0.05 0.05 n.s.
n-6 FA’s 12.61 +1.06 16.79+2.11 56.72+2.58 0.00001 0.05 0.05 0.05
n-3 FA’s 0.48+0.12 1.22+0.29 0.76 1 0.16 0.0025 0.05 n.s. ns.
(n-6)/(n-3) 27.45+5.33 14.26 +2.36 76.83+13.53 0.00001 ns. 0.05 0.05
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TABLE III

Cerebrum total lipid fatty acid composition of hibernating Eutamias
amoenus on the three different lipid diets

The fatty acids (FA) shown as the mean percentage+S.D. The
unsaturation index (U.L) is the sum of the % unsaturated fatty acids
multiplied by their number of double bonds; trace (tr) represents fatty
acids that were present at < 0.1%. Statistical test were not performed
because of the small n. Animals on sheep fat and animals on
sunflower oil were considered different (*) when the ratio of their
fatty acid composition showed a change of > 20%. -, Fatty acid not
present.

Fatty acid  Sheep fat Control Sunflower Ratio
diet (1) diet (2) oildiet 3)  (1)/(3)
(n=2) (n=2) (n=2)
14:0 0.16+0.02 0.15+0.01 015+0.02 1.07
15:0 tr - - -
15:1(n-9) 0.831+0.16 0.61+0.06 0.66+0.06 1.26*
16:0 20.26+0.36 19.68+0.45 20.88+0.38 0.97
16:1 (n-9) 0.33+0.09 0.32+0.01 0.30+£0.05 1.10
16:1(n-T) 1.37+0.46 2.01+0.10 1.38+0.22 0.99
17:0 0.42+0.04 0.2310.02 022+001 191*
17:1(n-9) 2.4140.02 2.5510.08 2.58+0.66 0.93
18:0 18.20+0.61 16491011 17.71+024 1.03
18:1 20.00+0.15 22441057 17.90+0.56 1.12
18:2 (n-6) 1.4340.60 3.23+0.18 6114226 023*
20:0 0.55+0.03 0.62+0.03 0.53+0.04 1.04
20:1(n-9) 0.50+0.07 0.411£0.26 0494001 1.02
20:2(n-6) 0.14+0.06 0.15+0.07 022+0.02 0.64*
20:3 (n-6) 0.46 +0.22 0.77+0.02 0.761+0.02 0.61*
20:4(n-6) 13221060 11.13+£0.16 13361063 0.99
22:0 - 0.22+0.09 0.14+£0.05 -
22:4(n-6) 2.88+0.18 2.32+0.06 2.84+1.01 1.01
24:1(n-9) 0.6210.02 0.99+0.05 04410.04 1.41*
22:5(n-3) ~ 0.26 +0.06 0141006 -
22:6(n-3) 12424137 11264076 10.60+£010 1.17
UL 169.5 159.8 167.8 1.01
Sat. FA's 39.59 37.39 39.63 1.0
Unsat. FA’s  56.61 58.45 57.64 0.98
Sat./Unsat. 0.70 0.64 0.68 1.03
n-6 FA’s 18.13 17.60 23.29 0.78 *
n-3 FA’s 12.42 11.52 10.74 1.15
(n-6)/(n-3) 146 1.52 217 0.67*

changes than the cortex. 24 fatty acids were detected
and 10 of these differed by more than 20% between
animals on saturated and unsaturated diets (Table IV).
The n— 6, n— 3 fatty acids and the n — 6 /n — 3 ratio
also showed distinct differences between the two experi-
mental diets.

Dietary lipids also had a distinct effect on heart
mitochondrial phospholipid fatty acids of E. amoenus
(Table V). Of the 16 fatty acids detected, 6 showed
significant differences (P < 0.05; ANOVA). A further 6
fatty acids for which no statistical test was performed
showed no overlap in values. Only 4 fatty acids were
not significantly different. There was a notably high
proportion (> 20%) of docosahexaenoic acid (22: 6(n —

3)) in all dietary groups. Significant differences between
the dietary groups were also observed for the unsatura-
tion index and the total proportion of all unsaturated
fatty acids. The unsaturation index of heart mito-
chondria was substantially greater than that observed
for other membranes and tissues.

Liver mitochondrial phospholipid fatty acids com-
position also differed between the three diets (Table
VI). Of the 17 fatty acids detected four differed signifi-
cantly and a further seven fatty acids did not show
overlap in values. Only six fatty acids were indis-
tinguishable between the diet groups. The sum of the

TABLE 1V

Brain (without cerebrum) total lipid fatty acid composition of hibernating
Eutamias amoenus on the three different lipid diets

The fatty acids (FA) shown as the mean percentage+S.D. The
unsaturation index (U.L) is the sum of the % unsaturated fatty acids
multiplied by their number of double bonds; trace (tr) represents fatty
acids that were present at < 0.1%. Statistical tests were not performed
because of the small n. Animals on sheep fat and animals on
sunflower oil were considered different (*) when the ratio of their
fatty acid composition showed a change of > 20%. —, Fatty acid not
present.

Fatty acid  Sheep fat Control Sunflower Ratio
diet (1) diet (2) oil diet (3) m/(3
(n=2) (n=2) (n=2)
14:0 0.13+0.02 01310 0.14+0.02 0.93
15:0 tr - - -
15:1(n-9) 0.55+0.04 0.52+0.01 0.53+£0.05 1.04
16:0 15844091 15.16+0.02 15.51+0.81 1.02
16:1 (n-9) 0.35+0.03 0.28+0.01 026+001 135*
16:1(n-7) 1.70+0.49 2.15+0.06 1.724+0.04 0.99
17:0 0.41+0.01 0.2410.01 022+001 1.64*
17:1(n-9) 2.3210.12 2.42+0.04 2461005 0.94
18:0 14.08+£0.97 13.02+0.54 13.181+0.25 1.07
18:1 28.031+1.31 30.04+026 26.58+0.42 1.05
18:2 (n-6) 1.59+£0.71 3.05+0.16 5.59+1.00 0.28*
20:0 0.731+0.02 0.85+0.03 0.84+0.08 0387
20:1(n-9) 1.57+0.18 1.68 +0.01 1.58+0.06 0.99
20:2 (n-6) 0.17+0.10 0.23+0.06 045+0.11 038*
20:3(n-6) 0.66+0.11 0.91+0.08 0.96+0.11 0.69*
20:4 (n-6) 8.30+0.62 7.13+0.09 7.96+0.02 1.04
22:0 0.68+£0.23 0.84+0.12 0.86+0.19 0.79*
22:1(n-9) 0.23+0.02 0.21+0.01 0234001 1.00
20:5(n-3) - tr - -
22:4(n-6) 2171057 1.75+£0.02 1.99+0.13 1.09
24:0 0.74 £0.29 0.95 1+ 0.09 0974022 0.76 *
24:1(n-9) 2.61+0.59 3.36+0.27 3.39+0.18 0.77*
22:5(n-3) 0.04+0.01 0.20+0.16 0.34+036 012*
22:6 (n-3) 9.31+1.02 7.511+0.67 6.67+0.13 140*
U.L 140.8 131.6 133.2 1.06
Sat. FA’s 32.62 31.19 3175 1.03
Unsat. FA’s  59.60 61.55 60.70 0.98
Sat./Unsat. 0.55 0.51 0.52 1.06
n-6 FA’s 12.89 13.07 16.95 0.76 *
n-3 FA’s 9.35 7N 7.01 1.33*
(n-6)/(n-3) 138 1.70 242 0.57 *
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Heart mitochondrial phospholipid fatty acid composition of hibernating Eutamias amoenus on the three different lipid diets

The fatty acids (FA) are shown as the mean percentage + S.D. of the number of individuals investigated. The Unsaturation Index (U 1) is the sum
of the % unsaturated fatty acids multiplied by their number of double bonds; trace (tr) represents fatty acids that were present at < 0.1%. —, Fatty
acid not present or statistical test not performed. n.s., not significant.

Fatty acid Sheep fat Control Sunflower P<
diet (1) diet (2) oil diet (3) Anova Range test
(n=3) (n=3) (n=5)
1-2 1-3 2-3
14:0 010+ 0.05 - - -
16:0 1540+ 3.00 14.83+1.84 1341+ 3.02 ns
16:1(n-7) 0.57+ 0.04 0.8410.16 027+ 0.10 0.001 n.s. 0.05 0.05
17:0 0.86+ 0.49 0.62+0.08 044+ 0.03 0.0001 0.05 0.05 n.s.
18:0 2791+ 3.23 22.02+2.54 2437+ 0.77 0.05 0.05 n.s. ns.
18:1 749+ 1.89 9.67+1.18 5.14+ 0.70 0.005 n.s. ns. 0.05
18:2 (n-6) 1455+ 1.95 12.04 +2.54 16.73+ 3.30 n.s.
20:1(n-9) 011+ 0.01 0.3710.08 tr -
20:2(n-6) 0.12+ 0.02 0.26 £0.04 0.56+ 0.13 0.01 ns. 0.05 0.05
20:3 (n-6) 031+ 0.01 0.301£0.04 tr -
20:4 (n-6) 10.31+ 1.29 8.554+0.89 992+ 1.72 n.s.
20:5(n-3) 057+ 0.05 0.45+0.04 tr -
22:4 (n-6) 012+ 0.28 tr tr -
24:0 0.67+ 0.09 tr 041+ 027 -
22:5(n-3) 0.531+ 091 1.29+0.24 0.98+ 0.19 0.005 0.05 0.05 n.s.
22:6 (n-3) 2093+ 0.51 27.30+3.96 2710+ 0.19 ns.
U.L 207.6 +£15.3 242.7 +£3.96 2471 £125 0.05
Sat. FA’s 451 + 5.8 374 +40 386 + 22 n.s.
Unsat. FA’s 550 + 3.6 610 +3.8 60.7 + 1.7 0.05
Sat./Unsat. 097+ 0.19 0.76 £0.15 0.70t 0.05 ns.
n-6 FA’s 2520+ 2.40 21.10+2.30 2790+ 3.90 n.s.
n-3 FA’s 21.80+ 1.60 29.0 +4.2 28.10+ 4.10 n.s.
(n—6)/(n-3) 115+ 0.03 0.7440.13 1.02+ 0.27 ns.

n — 6 fatty acids also differed significantly between the
diet groups (P < 0.0025; ANOVA).

Discussion

The present study shows that physiological changes
of hibernation following dietary lipid treatment previ-
ously observed in E. amoenus [17] are associated with
significant changes in the fatty acid composition of
depot fat, brain and mitochondrial membranes. These
diet-induced changes in the fatty acid saturation of both
tissues and membranes were more pronounced than
those observed previously in non-hibernating homeo-
thermic mammals (Table VII). Furthermore, the com-
position of depot fat and mitochondrial membranes in
E. amoenus reflected the composition of the diet, i.e.,
the animals on the unsaturated diet contained a greater
proportion of unsaturated fatty acids than those on the
saturated diet, which was not always the case in non-
hibernators (Table VII).

However, not all tissues and ‘membranes of E.
amoenus responded in the same way to the dietary lipid
manipulations. The changes in depot fat were most
pronounced, more or less reflecting the diets of the
different groups, although the unsaturation index of the

saturated animals was much higher than that of the
diets. This indicates that the saturated fat fed animals
selectively incorporated unsaturated fatty acids from
their relatively saturated diet to maintain high propor-
tions of unsaturated fatty acids in their body fat.

Compositional changes in brain tissues were rela-
tively small when compared with depot fat. However,
when the two brain samples were compared, the diet-in-
duced changes in the fatty acid composition of the
cerebrum were less pronounced than those of the rest of
the brain without the cerebrum. This supports previous
findings that composition of lipids in the cerebrum
during hibernation is less pronounced than those in the
brain stem [23], which is the brain part that remains
most active during hibernation [24].

Heart mitochondria of E. amoenus showed much
more pronounced diet-induced differences in fatty acid
composition than in non-hibernators (Tables V and
VII). The heart remains very active during hibernation
and a high proportion of unsaturated fatty acids in
heart mitochondria may be important for maintenance
of cardiac function at low body temperatures [25-27].
In contrast, heart mitochondria of non-hibernators only
slightly change in response to dietary lipid treatment
and it appears that this composition is designed for
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TABLE VI

Liver mitochondrial phospholipid fatty acid composition of hibernating Eutamias amoenus on the three different lipid diets

The fatty acids (FA) are shown as the mean percentage + S.D. of the number of individuals investigated. The Unsaturation Index (U.L.) is the sum
of the % unsaturated fatty acids multiplied by their number of double bonds; trace (tr) represents fatty acids that were present at <0.1%. -,
Statistics not performed. n.s., not significant.

Fatty acid Sheep fat Control Sunflower P <
o e ade Anova Range test
1-2 1-3 2-3
14:0 026+ 0.06 017+ 0.06 tr -
15:0 0.15+ 0.07 tr tr -
16:0 10.83+ 1.95 12.73+ 3.03 11.69+ 2.69 n.s.
16:1(n-7) 1.00+ 046 200t 0.59 0.63+ 0.16 0.025 n.s. n.s. 0.05
17:0 1.19+ 0.11 040+ 0.11 0.39+ 0.06 0.0001 0.05 0.05 ns.
18:0 20.54+ 291 20.53+ 349 2390+ 517 ns.
18:1 2707+ 225 25.26+ 2.36 1297+ 1.89 0.00001 n.s. 0.05 0.05
18:2 (n-6) 16.39+ 0.94 1695+ 1.35 2441+ 3.26 0.0025 n.s. 0.05 0.05
21:0 084+ 034 tr tr -
20:2 (n-6) tr tr 1.87+ 0.65 -
20:3 (n-6) 092+ 031 087+ 0.42 0.75+ 047 ns.
20:4 (n-6) 1299+ 201 1494+ 3.12 17.55+ 218 n.s.
20:5(n-3) 073+ 0.29 045+ 0.18 tr -
23:0 0.63+ 0.13 072+ 0.39 tr -
22:4(n-6) tr tr 0.55+ 0.18 -
22:5(n-3) 063+ 0.11 0.57+ 0.08 050+ 0.12 ns.
22:6 (n-3) 410+ 1.49 647+ 1.10 565+ 2.30 n.s.
U.L 1484 +11.5 166.7 +19.8 173.5 +23.0 n.s.
Sat. FA’s 341 £+ 31 356 + 6.2 359 + 7.7 ns.
Unsat. FA’s 646 + 1.5 675 + 5.2 646 + 7.0 n.s.
Sat./Unsat. 0.53+ 0.06 052+ 0.12 0.57+ 017 ns.
n-6 FA’s 311 £ 10 328 + 33 450 + 50 0.0025 ns. 0.05 0.05
n-3 FA’s 55 £ 1.9 75 + 1.3 64 + 25 n.s.
(n-6)/(n-3) 607+ 1.71 443+ 052 8.10+ 3.60 ns.
TABLE VII

Fatty acid unsaturation of tissues and membranes in non-hibernators (rat, marmoset, human) and a hibernator (chipmunk) on a saturated and

unsaturated diet

U.L., unsaturation index is the sum of the % unsaturated fatty acids multiplied by their double bonds. P/S ratio, polyunsaturated fatty
acids/saturated fatty acids ratio. (Species are: rat, Rattus norvegicus; marmoset, Callithrix jacchus; human, Homo sapiens; chipmunk Eutamias

amoenus ).
Species, Sample Saturated Unsaturated Ratio Source
diet (1) diet (2) )/
Depot fat (U.L)
Rat 88.2 142.8 1.62 [34)
Chipmunk 86.1 145.9 1.69 present study
Depot fat (P/S ratio)
Human 0.44 0.62 1.41 [35]
Chipmunk 0.60 5.09 8.48 present study
Heart mitochondria (U.L.)
Rat 205 207 1.01 [28]
Marmoset 162 153 0.94 [28]
Chipmunk 208 247 1.19 present study
Liver mitochondria (U.L)
Rat 183 197 1.08 [28]
Marmoset 164 161 0.98 [28]
Chipmunk 148 174 1.18 present study




optimal function at a constant high T\,. The composi-
tional change of liver mitochondrial fatty acids in E.
amoenus was less pronounced than that of heart mito-
chondria but clearly greater than that of non-hibernat-
ing species (Ref. 28; Table VII).

Geiser and Kenagy [17] suggested that the changes in
thermoregulation, torpor duration and metabolic rate
may be caused by diet-induced compositional changes
of membrane lipid composition. The pronounced com-
positional changes of mitochondrial membranes of E.
amoenus would support this notion. However, the pre-
sent study shows that not only the membranes of E.
amoenus are altered by diet and that the most pro-
nounced changes occur in depot fat. It is, therefore,
likely that changes of lipid composition of tissues and
membranes affect the physiology of animals in a variety
of ways.

Temperature acclimation is associated with a shift in
thermal optimum of ectothermic organisms. The shift of
the thermal optimum in turn is largely achieved by
changes in membrane lipid composition which creates
an appropriate physical environment for cellular func-
tions [10]. Cold acclimation in particular is associated
by increase in unsaturated fatty acids and increase in
membrane fluidity [10,11]. Similar physical changes may
occur in the unsaturated-fat-fed E. amoenus. Like in
cold-acclimated ectotherms, the highly unsaturated
membranes of the E. amoenus on unsaturated diet may
allow the animal to lower their body temperature fur-
ther than the animals on saturated diet because they can
maintain membrane structure and function at lower T,
[3,6,10]. The set point for the regulation of body tem-
perature could be directly influenced by the fatty acid
composition of neural and other cellular membranes, or
indirectly influenced by prostaglandins that are formed
from polyunsaturated fatty acids and are involved in
thermoregulation [29].

The diet-induced change in depot fat offers an alter-
native explanation. It has been suggested previously
that the depot fat of hibernators must be fluid at low T},
because it supplies most fuel during the hibernation
period [12,30]. Saturated depot fat would solidify at the
low T, values during hibernation and the supply of fuel
would be interrupted. Hibernating animals with satu-
rated lipid, stores would have two options to avoid
nutrient depletion, they either could regulate 7, at
relatively high levels to prevent solidification of depot
fat, or rewarm in relatively short intervals and restore
supply of lipids in their blood stream. Both short torpor
bouts and increase in body temperature have been
observed in torpid animals on saturated diet [17,31].
The associated metabolic costs would most likely pre-
vent successful completion of the hibernation season
[17].

These interpretations may explain the differences in
minimum 7, and duration of torpor of the experimen-
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tal groups to a certain extent. However, they do not
explain why at the same T, (above the minimum T)
animals on unsaturated diet have lower metabolic rates
than those on saturated diet [17]. If the supply of lipid
fuel were directly responsible one would predict the
opposite effect because access to to fuel at low T,
should be easier and the metabolic rate higher in the
unsaturated animals than the saturated ones. Recent
observations may provide an explanation for the differ-
ent metabolic rates in animals on different lipid diets.
Unsaturated fatty acids are potent inhibitors of the
binding of thyroid hormone T3 to isolated rat livers
[32]. Thyroid hormones increase the metabolic rate of
all body cells, therefore, a reduced binding of T3 should
result in a metabolic depression. The depot fat of the
unsaturated E. amoenus consisted of almost 60% lino-
leic acid, which proved to be a very potent inhibitor of
T3 binding in the rat [32]. There are other observations
on the differential effect of fatty acids of different chain
length and saturation on cellular activity [33]. Proton
conductance of brown fat mitochondria of hamsters
( Phodopus sungorus) [33] differs substantially between
various fatty acids and it is possible that the metabolic
rate of animals is affected by the composition of their
lipid fuel.

The results of the present study support the view that
unsaturated lipids in tissues and membranes of
mammals are important for successful hibernation. They
suggest that the thermoregulation and metabolism of
the hibernating animal are affected by the lipid com-
position of their tissues and membranes. However, there
are a number of possibilities how the physiology of an
animal could be affected by the lipid composition of
their body.

Acknowledgements

I would like to thank M.T. Childs, G.J. Kenagy and
L.B. King for their advice and research facilities, B.M.
McAllan for help with the tissue and membrane
preparationsand E.J. McMurchie for critical comments
on the manuscript. The work was supported by a Feodor
Lynen Fellowship of the Alexander von Humboldt-
Stiftung to the author and grants of the University of
Washington Graduate School Research Fund and the
NSF (BSR-8401248) to G.J. Kenagy. Discussions with
colleagues at the International Symposium ‘Living in
the Cold I’ were very important in writing the discus-
sion of this paper. My attendance to this meeting was
generously supported by the University of New En-
gland International Conference Travel Fund.

References

1 Lyman, C.P, Willis, J.S., Malan, A. and Wang, L.C.H. (1982)
Hibernation and torpor in mammals and birds, Academic Press,
New York.



166

2
3

W

11

12

13

14

15

16

17

18

19

Barnes, B.M. (1990) Science 244, 1593-1595.

Aloia, R.C. (1988) in Advances in membrane fluidity (Aloia, R.C.,
Curtain, C.C. and Gordon, L.M,, eds.), Vol. 3, pp. 1-39, Alan R.
Liss, New York.

Raison, J.K. and Lyons, J.S. (1971) Proc. Natl. Acad. Sci. USA 68,
2092-2094.

White, D.A. (1973) BBA Library, Vol. 3, pp. 441-482, Elsevier,
Amsterdam.

Geiser, F. and McMurchie, E.J. (1984) J. Comp. Physiol. B 155,
125-133.

Cossins, A.R. and Prosser, C.L. (1978) Proc. Natl. Acad. Sci. USA
75, 2040-2043.

White, F.N. and Somero, G. (1982) Physiol. Rev. 62, 40-90.
Hazel, J.R. (1984) Am. J. Physiol. 246, R460—R470.

Hazel, J.R. (1988) in Advances in membrane fluidity (Aloia, R.C.,
Curtain, C.C. and Gordon, L.M., eds.), Vol. 3, pp. 149-188, Alan
R. Liss, New York.

Cossins, A.R. and Bowler, K. (1987) Temperature biology of
animals, Chapman and Hall, London.

Fawcett, D.W. and Lyman, C.P. (1954) J. Physiol. 126, 235-247.
McMurchie, E.J. (1988) in Advances in membrane fluidity (Aloia,
R.C., Curtain, C.C. and Gordon, L.M. eds.) Vol. 3, pp. 189-237,
Alan R. Liss, New York.

McMurchie, E.J., Abeywardena, M.Y., Charnock, J.S. and Gibson,
R.A. (1983) Biochim. Biophys. Acta 760, 13-24.

McMurchie, E.J., Abeywardena, M.Y., Charnock, J.S. and Gibson,
R.A. (1983) Biochim. Biophys. Acta 734, 114-124.

Needlands, P.J. and Clandinin, M.T. (1983) Biochem. J. 212,
573-583.

Geiser, F. and Kenagy, G.J. (1987) Am. J. Physiol. 252, R897-
RY01.

Geiser, F., Hiebert, S. and Kenagy, G.J. (1990) Physiol. Zool. 63,
489-503.

Geiser, F., Augee, M.L. and Raison, J.K. (1984) J. Therm. Biol. 9,
183-188.

20
21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Lepage, G. and Roy, C.C. (1986) J. Lipid Res. 27, 114-120.
Bligh, E.C. and Dyer, W.J. (1959) Can. J. Biochem. Physiol. 37,
911-917.

Sokal, R.R. and Rohlf, F.J. (1981) Biometry, Freeman & Co., New
York.

Geiser, F. Hilbig, R. and Rahmann, H. (1981) J. Therm. Biol. 6,
145-151.

Kilduff, T.S. Radeke C.D. and Heller, H.C. (1986) in Living in the
cold (Heller, H.C., Musacchia, X.J. and Wang, L.C.H., eds.), pp-
215-223, Elsevier, New York.

Aloia, R.C., Augee, M.L,, Orr, G.R. and Raison, J.K. (1986) in
Living in the cold (Heller, H.C., Musacchia, X.J. and Wang,
L.C.H,, eds.), pp. 19-26, Elsevier, New York.

Raison, J.K., Augee, M.L. and Aloia, R.C. (1988) Am. J. Physiol.
254, E378-E383.

Geiser, F. Baudinette, R.V. and McMurchie, E.J. (1989) Comp.
Biochem. Physiol 93A, 331-335.

McMurchie, E.J., Gibson, R.A., Charnock, J.S. and McIntosh.
G.H. (1984) Comp. Biochem. Physiol 78B, 817-826.

Lin, M.-T. (1984) in Thermal Physiology (Hales, J.R.S., ed.), pp.
113-118, Raven Press, New York.

Florant, G.L., Tokuyama, K. and Rintoul, D.A. (1989) in Living
in the cold II (Malan, A. and Canguilhem, B., eds.), pp. 137-145,
Colloques INSERM /John Libbey Eurotext, London, Paris.
Aloia, R.C. (1970) in Chemical Zoology, Vol. 11, pp. 49-75,
Academic Press, New York.

Wiersinga, W.M., Chopra, 1J. and Chua Teco, G.N. (1988)
Metabolism 37, 996--1002.

Malan, A. and Mioskowski, E. (1989) in Living in the cold II,
abstracts, p. 44.

Charnock, J.S., McLennan P.L. Abeywardena, M.Y. and Russell,
G.R. (1985) Ann. Nutr. Metab. 29, 279-288.

Field, C.J., Angel, A. and Clandinin, M.T. (1985) Am. J. Clin.
Nutr. 42, 1206-1220.



