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ABSTRACT

Several species of terrestrially hibernating frogs, turtles and insects have devel oped mechanisms, such
as increased plasma glucose, anti-freeze proteins and antioxidant enzymes that resist to freezing, for
survival at subzero temperatures. In the present study, we assessed the importance of glucose to
cryoresistance of two anuran amphibians: the frog Rana catesbeiana and the toad Bufo paracnemis.
Both animals were exposed to —2°C for measurements of plasma glucose levels, liver and muscle
glycogen content, haematocrit and red blood cell volume. Frogs survived cold exposure but toads
did not. Blood glucose concentration increased from 40.35 £ 7.25 to 131.87 £ 20.72 mg/dl (P < 0.01)
when the frogs were transferred from 20 to —2°C. Glucose accumulation in response to cold expo-
sition in the frogs was accompanied by a decrease (P < 0.05) in liver glycogen content from 3.94 +
0.42 to 1.33 £ 0.36 mg/100 mg tissue, indicating that liver carbohydrate reserves were probably the
primary carbon source of glucose synthesis whereas muscle carbohydrate seems unimportant. In the
toads, the cold-induced hyperglycaemiawas less (P < 0.05) pronounced (from 27.25 + 1.14to 73.72 +
13.50 mg/dl) and no significant change could be measured in liver or muscle glycogen. Cold exposition
had no effect on the haematocrit of the frogs but significantly reduced (P < 0.01) the haematocrit
of toads from 20.0 + 2.1% to 5.8 £ 1.7% due to a decreased red blood cell volume (from 1532 + 63
to 728 + 87 mm?®). When toads were injected with glucose, blood glucose increased to levels simi-
lar to those of frogs and haematocrit did not change, but this failed to make them cryoresistent. In
conclusion, the lack of cold-induced glucose catabolism may not be the only mechanism responsible
for the freeze intolerance of Bufo paracnemis, a freeze-intolerant species.
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RESUMO

A importancia da glicose para a tolerancia/intoler ancia ao congelamento dos anfibios
anuros Rana catesheiana e Bufo paracnemis

Diversas espécies de ras terrestres, tartarugas e insetos desenvolveram mecanismos para resisténcia
ao congelamento, como o aumento dos niveis de glicose, proteinas anticongelantes e enzimas
antioxidantes. Neste estudo, verificou-se aimportancia da glicose para a crioresisténcia de dois anfibios
anuros: a ra Rana catesbeiana e o sapo Bufo paracnemis. Os animais foram expostos a —2°C para
medidas de glicemia, contetido de glicogénio muscular e hepético, hematdcrito e volume celular das
hemacias. As rés sobreviveram a exposic¢éo, enquanto os sapos ndo. A glicemia aumentou de 40,35 +
7,25 para 131,87 £ 20,72 mg/dl (P < 0.01) quando as ras foram transferidas de 20 para —2°C. Este
acumulo de glicose em resposta a exposicdo ao frio foi acompanhado por uma reducédo (P < 0.05)
no contelido de glicogénio hepatico de 3,94 + 0,42 para 1,33 + 0,36 mg/100 mg de tecido, indicando
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gue o catabolismo do glicogénio hepético foi, provavelmente, a principal fonte de carbono para a
sintese de glicose, enquanto o glicogénio muscular parace ser de menor importancia. Nos sapos, a
hiperglicemia induzida pelo frio foi relativamente menor (de 27,25 + 1,14 para 73,72 + 13,50
mg/dl; P < 0.05) e ndo verificou-se variagdo significativa no contetdo de glicogénio muscular e
hepético. A exposicdo a —2°C ndo teve efeito sobre o hematdcrito das ras, mas reduziu signi-
ficativamente (P < 0.01) o hematécrito dos sapos de 20,0 + 2,1% para 5,8 + 1,7%, devido a uma redugéo
do volume das hemécias (de 1532 + 63 para 728 + 87 mm?®). Quando glicose foi injetada nos sapos,
aglicemia elevou-se a niveis similares aqueles das ras e o hematdcrito ndo variou, mesmo assim o0s
sapos ndo se tornaram crioresistentes. Em conclusdo, a deficiéncia no catabolismo da glicose, induzido
pelo frio, ndo parece ser o Uinico mecanismo responsavel pela intolerancia ao congelamento de Bufo
paracnemis, uma espécie ndo tolerante ao congelamento.

Palavras-chave: Bufo paracnemis, Rana catesbeiana, tolerancia ao congelamento, criopreservagéo,

glicose.

INTRODUCTION

Several species of amphibians are able to
survive during extremely unfavorable conditions
such as, subzero temperatures (Aarset, 1982; Storey
& Storey, 1988, 1992; Zachariassen, 1985). Wood
frogs, for instance, may be frozen for 2 weeks with
no cardiorespiratory activity and with up to 65%
of their total body water asice (for rev. Pinder et
al., 1992; Storey et al., 1996). A cryoprotector,
alow molecular weight molecule, such as glucose
(in Pseudacris crucifer and P. triseriata) or glycerol
(in Hyla versicolor), seems to play an important
role in this phenomenon, warranting survival of
these animals during freezing (Storey & Storey,
1984, 1985, 1986). These cryoprotector elevates
body fluid osmolarity, decreasing the extent of cell
volume reduction during extracellular ice
formation, preventing cell shrinkage below a
critical minimum cell volume and stabilizing
membrane proteins (cf. Storey et al., 1996). Other
factors are also important to promote crioprotecion,
among them antifreeze proteins and an special
system of antioxidants proteins (cf. Storey et al.,
1996).

Very little is known about the freezing
tolerance/intol erance of bufonids, so comprehen-
sive explanations for the mechanisms and evolution
of freeze tolerance in anurans are lacking. One
recent study showed that liver phosphorylase
activity is significantly higher in the wood frog
Pseudacris triceriata than in the toad Bufo
cognatus (a freezing intolerant species), suggesting
that the ability to mobilize glucose from liver
glycogen is associated with freezing tolerance
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(Swanson et al., 1996). In the present study, we
assessed the importance of blood glucose for
freezing tolerance/intolerance of two anuran
amphibians, the toad Bufo paracnemis from
neotropical areas, and the bullfrog Rana cates-
beiana from neoartical areas.

MATERIAL AND METHODS

Animal source and maintenance

Experiments were performed during the
active, non-aestivating period of the 2 speciesfrom
December to March (summer season). Adult
bullfrogs, Rana catesheiana, of either sex weighing
187.4 + 12.5 g (mean + SEM) were obtained from
a commercial supplier 2-3 weeks before expe-
rimentation. Toads, Bufo paracnemis, (mass
192.9 + 18.2 g) were collected at the Campus of
the University of S8o Paulo at Ribeir&o Preto from
November to February. Upon arrival, the animals
were kept indoors in aguaria with free access to
tap water and basking areas at 20-22°C, on a
12h:12h light:dark photoperiod (Nansen timer
digital TE 102). All animals were fed with chicken
liver once a week until 7 days before the expe-
rimental procedures.

Glycogen extraction and measurement
Glycogen was extracted according to the
method of Sjorgren et al. (1938). Briefly, liver and
muscle samples were obtained by isolating a piece
of tissue weighing approximately 500 mg. The
samples were then weighed on a precision scale
(Mettler H54) and immediately frozenin dry ice
and & cohol. Samples were maintained deep-frozen



GLUCOSE AND FREEZING TOLERANCE OF ANURAN AMPHIBIANS 323

(=70°C) in tubes until ready for assay. The tubes
were kept on ice after removal from frozen storage
and 2 ml of 30% KOH saturated with Na,SO, was
added to the samples, making sure that the tissue
was completely immersed in the solution. The tubes
were placed in a boiling water bath (100°C) for
one hour until a homogeneous solution was
obtained, and were then removed from the water
bath and cooled in ice. Absolute ethanol (4.5 ml)
was added to precipitate the glycogen from the
alkaline digest. The samples were left in ice for
10 minutes and then centrifuged (Hermile Z 360
K) at 840 g for 20 minutes. The supernatant was
carefully aspirated and the glycogen washed with
distilled water and precipitated with ethanol again.

Glycogen content was estimated with
anthrone reagent (Seitfer et al. 1950). Briefly,
glycogen precipitates were dissolved in 3.0 ml
distilled water, transferred to a 10 ml volumetric
flask and diluted to the mark with water. The
contents of the flasks were thoroughly mixed, and
the measured portion was then further diluted with
water in a second volumetric flask so asto yield
a solution of glycogen concentration of 3-30 mg/
ml. Anthrone (4 ml) was carefully added to 2 ml
aliquots of the final dilution in the ice bath, and
the tubes were then placed in a boiling water bath
(200°C) for 10 min. After the tubes cooled down,
the absorbance of the samples was measured at
620 nm on a Micronal B380 spectrophotometer.
Glucose at different concentrations (20, 30 and
50 mg/ml) was used for a calibration curve.

Plasma glucose concentration and red blood cell
volume

Glucose concentration was determined
quantitatively by an enzymatic (hexokinase) method
(Sigma, St. Louis, MO, USA).

To determine the cell volumes, the blood
samples were examined under the light microscope
with a 100x objective to which a light camera
(Reichert) was adapted. The cell was projected
onto draft paper at afinal 1140x magnification.
The outlines of the images obtained (50 cells per
animal) was drawn with a soft pencil. The longest
and shortest axes were measured in order to obtain
the cell volume, and athird axis was obtained by
the geometric average of the first two. The volume
was calculated according to Valeri et al. (1967)
by the following formula:

V =0.35351426 - D, - D, (D, - D,)*2

were D, and D, represent the longest and shortest
axis, respectively.

This method was originally described to
determine mammals red cells volume. In the present
study, we used the same method to access the
differences of blood red cell volume of amphibians
under two different experimental conditions (20
and —2°C).

Experimental procedure

The experiments were performed on
conscious, unrestrained and undisturbed frogs and
toads. During the experiments the frogs were
housed in a1 liter plastic chamber lined with moist
paper towels placed inside an environmental
chamber (FANEM, B.O.D. 347 cd, Séo Paulo,
Brazil). During the control period the animals were
left undisturbed at 20°C for 48 hours. Control
animals were decapitated (n = 6), tissue (liver and
leg muscle) collected for glycogen determination,
and blood (about 300 ml) obtained from the pool
that had accumulated above the heart for
measurements of haematocrit and red blood cell
volume. Immediately after being withdrawn, blood
was spun (Ravan microcentrifuge, model Ciclo I,
S&o Paulo, Brazil) and plasmawas frozen at —20°C
until the time for the determination of plasma
glucose concentration.

Another group of animals was transferred
from 20 to —2°C by setting the environmental
chamber temperature and placing the animal
chamber on an ice-cold bath. Cloacal temperature
probes confirmed that there was no difference
between animal temperature and environmental
chamber temperature after 2 hour at the new
temperature. The same procedure described above
for the control group was repeated at 6 and 10
hours after transfer to —2°C.

Another group of toads kept at 20°C were
killed by decapitation just before plasma glucose
concentration was artificially elevated by infusing
1.3 g glucose/kg body weight in afinal volume
of 500 ml into the lymph sac. Ten minutes after
the infusion, some animals were decapitated, and
others were exposed to —2°C for 6 and 10 hours,
before decapitation for blood collection. Blood
samples were analyzed for haematocrit and red
blood cell volume.
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The animals which were not decapitated
during experiments were judged to be diveif, after
2 days of thawing at 20°C, they appeared to have
recovered.

Calculations and statistics analysis

All values are reported as means + SEM. The
effects of freezing on blood glucose, liver glycogen,
muscle glycogen and haematocrit were evaluated
by analysis of variance (ANOVA), and the diffe-
rence between means was assessed by the Tukey-
Kramer Multiple Comparisons Test. The effect of
freezing on cell volume was assessed by comparing
the mean values before (20°C) and after (—2°C)
freezing by a paired t-test. P < 0.05 was considered
significant.

RESULTS

All (6 of 6) of the bullfrogs exposed to —2°C
up to 10 hours survived, whereas only 66% (4 of
6) of the toads exposed to the same temperature
survived for 8 hours and none was alive after 10
hours (6 of 6).

Plasma glucose concentration was signi-
ficantly higher in the bullfrogs when compared to
the toads not only during control conditions (20°C)
but also during cold-exposition (-2°C) (Fig. 1,
panel A). Liver glycogen was significantly higher
in bullfrogs than in toads at 20°C, and decreased
significantly after 10 hours at —2°C, whereas no
change was measured in the toad’s livers (Fig. 1,
panel B). Slopes from arbitrary linear regression
of the relationships between liver glycogen and
time was (mean £ SEM): —2.63 £ 0.01 mg/100 mg
tissue/hour for frogs and was close to zero for
toads. Muscle glycogen was not significantly
different and cold caused no alterations in either
animal species (Fig. 1, panel C).

No significant difference in haematocrit was
observed between frogs and toads at 20°C.
Exposure to —2°C caused no change in the frog's
haematocrit but a dramatic drop in the toad's,
during both 6 and 10 hours at —2°C (Fig. 2). Red
blood cell volume was approximately 3 times larger
in bullfrogs than in toads (P < 0.001) under 20°C.
Cold exposition (—2°C) caused no change in the
frog's cell volume but a significant 53% reduction
in the toad’s (Fig. 3).

When toads were submitted to glucose
infusion, plasma glucose increased from 20.7 £
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1.6 to 62.3 + 11.6 mg/dl while ambient temperature
was kept at 20°C. Exposure to —2°C caused an
additional 3-fold elevation in plasmaglucose levels
that was maintained to the end of the experimental
period (Fig. 4, panel A). Although cold exposure
caused no change in haematocrit in the animals
infused with glucose (Fig. 4, panel B), toads did
not survive exposure to —2°C for 10 hours.

DISCUSSION

In the present study, we compared a freeze-
intolerant toad using a freeze tolerant frog, as a
control. Differences with respect to plasma glucose,
liver glycogen, heamatocrit and blood cell volume,
were evaluated. The frog data is consistent with
previous reports (cf. Storey et al., 1996). Our study
provides evidence that increased plasma glucose
is needed to prevent cell shrinkage, although this
is not the only cause of toad’s death.

Exposure to cold (—2°C) was lethal to toads
(Bufo paracnemis), indicating that this speciesis
freeze-intolerant, but not to bullfrogs (Rana
catesbeiana). In fact, a previous study (Swanson
et al., 1996) has observed that the toads from
neoartica areas, Bufo cognatus and B. woodhouse,
are freezing intolerant, indicating that freezing
tolerance may be not adaptative, but a phylogenetic
characteristic of Bufonidae. In both species we
observed a significant increase in blood glucose
concentration when the animals were exposed to
—2°C. Both basal glucose levels and the cold-
induced hyperglycaemiawere significantly higher
in the bullfrogs than in the toads (Fig. 1, panel A).
It is known that the accumulation of high
concentrations of cryoprotector (glucose) is
essential for freezing tolerance (Canty et al., 1986;
Constanzo & Lee, 1991). Besides glucose, other
factors may also be involved, at least in frogs, such
as antifreeze proteins (Davies & Hew, 1990;
DeVries & Cheng, 1992; DeVries, 1983), increased
membrane glucose transporters (King et al., 1993,
1995) and an increased activity of antioxidant
enzymes (Storey, 1996; Storey et al., 1996).

A fundamental property of antifreeze proteins
isthe ability to depress the freezing point of their
solution without affecting the melting point,
what is known as thermal hysteresis (Davies
& Hew, 1990). Further studies are needed to
assess the participation of these mechanismsin the
toads.
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Fig. 1 — Effect of freezing on blood glucose (panel A), liver glycogen (panel B) and muscle glycogen (panel C) of toads
and frogs. Panel A shows that basal blood glucose levels were significantly higher in frogs and that freezing was accom-
panied by a more pronounced elevation in blood glucose in this species. Panel B shows that basal liver glycogen levels were
higher and more intensely reduced by freezing in frogs. Panel C shows that muscle glycogen did not significantly change
during freezing. Mean values + S.E.M. (N = 5 to each species). * (P < 0.05) and ** (P < 0.01); + denotes a significant difference

between species under control conditions (P< 0.05).

We observed a significant decrease in liver
glycogen content in frogs but not in toads (Fig. 1,
panel B). As to muscle glycogen, no significant
change was observed in either species (Fig. 1, panel
C). Synthesis of blood glucose is based on the
catabolism of liver glycogen (Pinder et al., 1992;
Storey & Storey, 1992) that seems to be well
correlated with our data for bullfrogs, but not for
toads which showed a significant increasein blood
glucose without a concomitant significant reduction

of liver glycogen content. This fact may be dueto
the non-significant drop in liver glycogen of the toads
or even to an activation of gluconeogenesis pathway,
which has been usually observed in the liver of
mammals. Actually, the latter is an interesting
hypothesis that needs to be tested. Recently it has
been shown that glycogen phosphorilase activity
is higher in freeze-tolerant frogs (Psedacris
triseriata) than in freeze-intolerant toads (Bufo
cognatus and Bufo woodhousei) (Swanson et al.,
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1996). In agreement with this study (Swanson et
al., 1996), we observed amore pronounced decrease
in liver glycogen content in frogs (slope = —2.63
mg/100 mg tissue/hour at —2°C) than in toads (no
significant decrease). Furthermore, basal liver
glycogen content was relatively (P < 0.05) higher
in the frogs (Fig. 1, panel B). Since liver glyco-
genolysisistriggered by ice nucleation in the body
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(Leeet al., 1995; Storey et al., 1991; Wolanczyk
et al., 1990) the sustained liver glycogen content
of toads may also be due to the lack of a proper
sensory system. Alternatively, the higher levels of
body glycogen observed in Rana could be related
with the fact that these frogs are able to obtain more
energy from non aerobic metabolism than toads,
during intense activity.
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Fig. 2 — Effect of freezing on haematocrit of toads and frogs. Freezing was accompanied by a decrease in the haematocrit
in toads. Mean + S.E.M. (N = 5 to each species); * (P < 0.05) and ** (P < 0.01).
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Fig. 3 — Effect of freezing on red blood cell volume. Toad cells are significantly (P < 0.01) smaller than frog cells under
control conditions (+ denotes difference in basal cell volume between species). Cold exposure caused a decrease (** de-
notes P < 0.01) in red blood cell volume in toads but not in frogs. Mean + S.E.M. (N = 6 for each species.)

Colligative cryopretectants (glucose in the case
of Rana catesbeiana) are accumulated in high
concentrations and function primarily to lessen the
extent of cell volume reduction during extracellular
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ice formation and prevent cell shrinkage below a
critical minimum cell volume within the range of
naturally encountered freezing temperatures,
avoiding osmotic shock (Storey & Storey, 1992;
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Storey et al., 1996). This cell protection mechanism,
i.e., hyperglycaemia, might be related to the
differences observed in the haematocrit of frogsand
toads (Fig. 2). In the latter, the relatively small
increase in plasma glucose concentration which was
observed in toads may not be sufficient to keep a
constant cell volume during freezing, with a
consequent decrease in the haematocrit (Figs. 2 and

250
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> i
E
2 150 4
] -2°C
(8]
2 -
e Glucose
£ 100+ infusion
[72]
<
o

3). The cell volume reduction may be responsible
for animal death (Storey & Storey, 1992). When
we artificially increased the toad’s blood glucose
concentration to levels slightly above of those of
the frogs by means of infusion, haematocrit did not
change during freezing (Figs. 4, panels A and B),
indicating a sustained red blood cell volume.
Nevertheless, no toad survived exposition at —2°C.

25+

20+

Hematocrit (%)

1
—
—

1522 Glucose

infusion

0 T

—T —
-0,18 -0,16 0 2

4 6 8 10

Time (hours)

Fig. 4 — Effect of freezing on plasma glucose levels and haematocrit of toads previously submitted to glucose infusion.
Panel A shows that freezing caused a drastic increase in blood glucose levels (*P < 0.05). Panel B shows that haematocrit
did not change during freezing. However, toads did not survive freezing temperatures. Mean + S.E.M. (N = 4).

Besides hyperglycaemia, it has been shown
that for any low molecular weight metabolite to
be effective as a cryoprotector it must be able to

move rapidly and easily across cell membranes
(Ashwood-Smith, 1987; Mazur, 1984). The glucose
membrane transport is improved by an increase
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in the number of membrane transporters during
freezing in the frog Rana sylvatica (King et al .,
1993, 1995). This increase might also have
happened in the toads studied here, whose haema-
tocrit was kept steady.

Perhaps, haematocrit did not change because
the red blood cell glucose transporter (GLUT1)
may be more effective during freezing than the
transporters of another cell type.

In conclusion, the present study shows that
toads have arelatively reduced basal liver glycogen
content and a smaller increase in plasma glucose
than frogs during subzero temperatures exposition,
which may not be large enough to avoid cell
shrinkage. However, the lack of freeze-induced
glucose catabolism is not the only factor respon-
sible for the toads' freeze intolerance.
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(FAPESP) Grant 96/0711-7 and Conselho Nacional
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