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The major pathway of carbohydrate me-
tabolism in mature mammalian erythrocytes
has been shown to have a shunt for the pro-
duction of 2,3-diphosphoglycerate (2,3-
DPG), a pathway that does not yield ATP.
2,3-DPG has been shown to reduce the
oxygen affinity of hemoglobin solutions (I,
2), and hence, alter the position of the dis-
sociation curve. This finding gave impetus to
investigations which examined the adaptive
significance of changes in 2,3-DPG concen-
tration. For example, residents of high alti-
tudes have higher 2,3-DPG concentrations
than sea level counterparts, accounting for a
reduced hemoglobin affinity for oxygen (3).
Association of the functional state of the
erythrocyte with its metabolic status, as well
as reported alterations in the dissociation
curve from blood of hibernators (4) has
prompted investigations in the area of de-
pressed metabolism. In hibernating 13-lined
and golden mantled ground squirrels, Bur-
lington and Whitten (5) demonstrated a
significant decrease in red cell 2,3-DPG
content. They suggested that reduced 2,3-
DPG levels play a role in periodic arousal,
increasing the affinity of hemoglobin for
oxygen. Such a shift in the oxygen dissocia-
tion curve might prove adaptive in a winter
burrow where oxygen is limited (6).

The present study was undertaken to
examine 2,3-DPG concentrations in another
species of hibernator, the hamster, Meso-
cricetus auratus. Alterations reported in the
ground squirrel, if of adaptive significance,
should also be found in another species of
hibernator. In addition, since decreased tem-
perature per se effects a pronounced leftward
shift of the oxyhemoglobin dissociation
curve, the physiologic consequence of a
depression in 2,3-DPG concentration is
questionable. To be of adaptive value, altera-
tions in 2,3-DPG concentration would have
to persist in the aroused, normothermic
animal where its effect would not be masked

by temperature. Accordingly, rewarmed ani-
mals were studied. Finally, helium-cold hy-
pothermic animals were examined both to
provide further information on this state of
depressed metabolism as a model of hiber-
nation, and to gain insight into possible
mechanisms underlying the depression in
synthesis of 2,3-DPG.

Materials and Methods. Adult male and
female golden hamsters weighing 100-140
g were used in this study. Normothermic
control animals were taken directly from
our closed colony, lightly anesthetized with
halothane, and bled by transthoracic car-
diac puncture. Hibernation was induced in
an age-matched group by 6-8 wk of expo-
sure to an ambient temperature (7,) of 7°.
Hibernators were bled by cardiac puncture
after approximately 48 hr of hibernating
torpor as determined by the placement of
cedar chips on the dorsum of the animal.
The hamster’s rectal temperature was noted
at the time of sacrifice to ensure that all
animals were truly hibernating, and not
arousing. Deep hypothermia, with com-
parable rectal temperatures (7-9°) was in-
duced in a third group by the helium cold
method of Fischer and Musacchia (7), and
a modification thereof. In brief, the animals
were exposed to one of two gas mixtures of
helium and oxygen (helox) (80% He:20%
O,; or 90% He:10% 0O,) at T, 0°. After
reaching a rectal temperature (7,.) of 6-8°
hamsters were removed from the helox
environment and transferred to a room air
environment at T, 7°. After 12 hr and 24
hr at T,, 7°, a single 2 ml blood sample was
obtained from each animal by cardiac punc-
ture. Hamsters which were hibernating or
hypothermic were rewarmed by placing them
at T, x> 22° Blood samples were similarly
obtained by cardiac puncture under light
halothane anesthesia both immediately upon
rewarming (T,. = 37°) and after approxi-
mately 2 hr of normothermia.
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Fic. 1. Hematocrit, hemoglobin, and red cell 2,3-DPG of normothermic golden hamsters compared with hi-
bernators, and hypothermic animals. Hypothermic hamsters were sampled after 12 and 24 hr at T,. 7°. Hy-
pothermia was induced in the former by 80:20 helox and cold, and in the latter by 90:10 helox and cold.

The blood samples obtained from the
various experimental groups were analyzed
for hematocrit, hemoglobin, and 2,3-DPG.
Hematocrits were determined by the micro
method, and hemoglobin concentration was
assessed as cyanmethemoglobin at 540 nm
using a Beckman Spectrophotometer, Model
DB-G. A protein-free filtrate was obtained
by cold trichloroacetic acid precipitation,
stored at 0° for 1 day, and analysis was made
by the colorimetric determination of in-
organic phosphate produced by the action of
2,3-DPG phosphatase (Sigma).

Intergroup comparisons of the data were
made using the nonparametric Mann—-Whit-
ney test (8).

Results. The data comparing normother-
mic control, hibernating, and hypothermic
hamsters are summarized in Fig. 1. Hemato-
crits, although not significantly different
(P > 0.05), reflect the alterations observed
in hemoglobin concentration for hibernating,
hypothermic and rewarming groups. In nor-
mothermic animals hemoglobin and 2,3-
DPG values were 16.9 &= 1.2 g% and 19.2 +
1.2 uymoles/g Hgb, respectively. Hypother-
mia of 12 hr duration induced by exposure
to 80:20 helox and cold did not significantly

affect hemoglobin or 2,3-DPG concentra-
tions (P > 0.05). By contrast, both hiberna-
tion for 48 hr and hypothermia for 24 hr
induced by 90:10 helox and cold exposure
effect a marked increase in hemoglobin as
well as a marked decline in 2,3-DPG
levels. Hemoglobin increased approximately
20% in both groups, to 20.7 + 0.8 and
20.2 + 1.0 g% for hibernators and hypo-
thermic hamsters, respectively. The decrease
in 2,3-DPG concentration in the hibernator
to 11.7 & 1.2 umoles/g Hgb, was a 39.1%
decrease from control values. The hypother-
mic hamsters demonstrated a 33.9% de-
crease to 13.5 &+ 1.0 umoles/g Hgb. Al-
though both groups demonstrate the same
trend, hamsters hypothermic for 24 hr
showed 2,3-DPG concentrations approxi-
mately 15% greater than the group hiber-
nating for 48 hr.

2,3-DPG levels were measured in re-
warmed hibernating and hypothermic ham-
sters at various time periods after reaching
normothermic body temperatures. These
data are summarized in Table 1. Rewarming
hibernators and hypothermic hamsters sac-
rificed immediately upon reaching a stable
core temperature did not differ significantly
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TABLE I. HemaTOoCRIT, HEMOGLOBIN, AND ERYTHROCYTE 2,3-DPG OF REWARMING HAMSTERS.®

Hematocrit
(%)

Hemoglobin 2,3-DPG
g% ¢ moles/g Hgb

Hibernating; 48.0 = 4.9 (5)
48 hr
Normothermic
15 min
Hypothermic;
24 hr
Normothermic
15 min
Hypothermic;
24 hr
Normothermic
2 hr

49.8 + 2.3 8)

45.1 + 2.2 8)

17.5 £ 1.5 (5) 17.2 = 1.0 (5)

17.4 + 1.0 8)

16.9 + 0.8 (8)

15.3 = 0.8 (8) 17.5 = 1.3 (8)

s Mean £ SD (N).

(P > 0.05). In both groups hemoglobin
concentration had returned to control levels
with values of 17.5 £ 1.5(5)and 174 + 1.0
(8) g% for rewarmed hibernating and hypo-
thermic animals, respectively; erythrocyte
2,3-DPG concentrations increased to 17.2 +
1.0 in the former, and 16.9 + 0.8 umoles/g
Hgb in the latter. Although this represents a
notable increase, these values remain about
10 % less than those in the control animals.
Rewarmed hypothermic hamsters sacrificed
after 2 hr at a stable core temperature dem-
onstrated a 2,3-DPG concentration of 17.5
4 1.3 umoles/g Hgb, a value not signifi-
cantly different from the groups sacrificed
immediately upon rewarming (P > 0.05).
Discussion. The data from this study
reflects the hemoconcentration reported for
the hibernating hamster (9-11) with ap-
proximately a 20 % increase in hemoglobin
concentration. Hamsters hypothermic for
24 hr showed a similar increase while 12 hr
of hypothermia produced no detectable ef-
fect as had been previously reported (12).
2,3-DPG concentrations reported for con-
trol animals were consistently higher than
values previously reported for the hamster
(13). In the present experiments, standard
determinations were run with each assay
and the data are highly reproducible. We
have no explanation for the difference be-
tween the values herein obtained and those
of Meyerstein and Cassuto (13). However,
the alteration reported for the hamster
parallel changes noted in the golden mantled

ground squirrel by Burlington and Whitten
(5).

In the regulation of oxygen transport and
delivery to the tissue, 2,3-DPG interacts
with several other variables. In the meta-
bolically depressed animal (7, x> 7°), de-
creased temperature per se effects a marked
leftward shift of the dissociation curve. This
has been shown for the hibernating ground
squirrel (14) and hedgehog (15), as well as
for the helium-cold hypothermic hamster
(12). The influence of temperature on the
oxygen carrying capacity of the blood might
therefore, be expected to play the predomi-
nant role in the animal with a reduced core
temperature. However, a role for alterations
in DPG has been suggested by Burlington
and Whitten (5). These investigators suggest
that the depression in 2,3-DPG observed in
hibernating golden mantled and 13-lined
ground squirrels plays a role in periodic
arousals. In the aroused animal at 7,, =
37° a reduced 2, 3-DPG concentration would
increase the affinity of hemoglobin for oxy-
gen in a burrow where the Py, may be
reduced.

If alterations in 2,3-DPG concentration
were of adaptive advantage to a hibernator,
one might expect the 45.5% and 48.0%
decrease reported in the hibernating golden-
mantled and 13-lined ground squirrels re-
spectively (5), both to occur in other spe-
cies of hibernators and to persist in the
aroused animal (7,, ~ 37°) where the tem-
perature effect on the affinity of hemoglobin
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for oxygen does not predominate. This
study has shown a similar decrease (29.1 %)
in 2,3-DPG concentration in the hibernating
hamster, as well as a 32.9 % decrease in the
24 hr hypothermic animal. It is noteworthy
that thedepressionin 2, 3-DPG concentration
persists for some 2 hr in the aroused animal
although rapid changes occur during arousal
to values approximately 10% less than
controls. It can be speculated that the
reported 10 % decrease in hamster 2,3-DPG
would decrease the Ps, by approximately 1
mmHg, a decrease similar to that reported
for the woodchuck (16). Although possibly
an adaptation to a reduced P,, environ-
ment, the small size of the change suggests
that it is of little functional advantage to
the animal.

A comparison of the 24 hr hypothermic
hamster with the 48 hr hibernator shows a
15% greater concentration of 2,3-DPG in
the former. In hibernation various changes
occur in intermediary metabolism of adap-
tive significance. For example, the primary
energy substrates during hibernation are
lipids as shown by a respiratory quotient
very close to 0.7 (17). A greater efficiency
for some liver mitochondrial enzymes in cold
exposed and hibernating hamsters has also
been demonstrated (18). In an investigation
of alterations in intermediary metabolism in
hibernation, Brock (19) suggests that adap-
tive changes occur before or during hiberna-
tion which result in the maintenance of red
cell high energy phosphates at low in vivo
temperatures. Although metabolic adapta-
tions undoubtedly exist in hibernators, com-
parison of the experimental hypothermic
group with natural hibernators suggest a
cold suppression of glycolysis. Thus, the
higher concentration of 2,3-DPG reported
for the hypothermic animals may be ex-
plained by their shorter stay at a reduced
body temperature (24 hr compared to 48 hr
for the hibernator).

In both the hibernating and hypothermic
animals, reduced levels of 2,3-DPG might
be anticipated. Cold suppression of phos-
phoglyceromutase and diphosphoglycerate
phosphatase, the enzymes involved in ana-
bolism and catabolism respectively, would
occur in both metabolically depressed
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groups. It is, however, possible that 2,3-
DPG stores are reduced through the main-
stream of glycolysis via the Rapoport-Luber-
ing shunt as has been suggested by Larkin
(20).

Summary. Hematocrit, hemoglobin and
erythrocyte 2,3-DPG concentrations were
examined in normothermic control, hiber-
nating, and helium-cold hypothermic ham-
sters. Hematocrit was not significantly differ-
ent (P > 0.05) between groups, but did
reflect alterations reported for hemoglobin.
Hemoglobin concentration did not change
from control values during 12 hr at 7,, 7°;
however, approximately a 20% decrease
occurred in hibernators (48 hrs) and animals
hypothermic (24 hr). 2,3-DPG concentra-
tions declined 39.1 and 33.9% from control
values in the hibernating and 24 hr hypother-
mic groups, respectively. No change was
observed in animals hypothermic for 12 hr.
Both parameters were studied in the aroused
animal. Hemoglobin returns to control val-
ues immediately after the animals reached a
stable T,, ~ 37°. Although 2,3-DPG levels
increased during arousal, they were still 10 %
lower than control values in both meta-
bolically depressed groups. 2,3-DPG re-
mained approximately 10% less than con-
trols in rewarmed hypothermic animals stud-
ied 2 hr after reaching stable 7', = 37°. The
data are discussed in terms of cold depres-
sion of erythrocyte glycolysis.
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