
Physiological Responses to Freezing in the Turtle Terrapene carolina

Jon P. Costanzo; Richard E. Lee, Jr.; Michael F. Wright

Journal of Herpetology, Vol. 27, No. 1. (Mar., 1993), pp. 117-120.

Stable URL:

http://links.jstor.org/sici?sici=0022-1511%28199303%2927%3A1%3C117%3APRTFIT%3E2.0.CO%3B2-E

Journal of Herpetology is currently published by Society for the Study of Amphibians and Reptiles.

Your use of the JSTOR archive indicates your acceptance of JSTOR's Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR's Terms and Conditions of Use provides, in part, that unless you have obtained
prior permission, you may not download an entire issue of a journal or multiple copies of articles, and you may use content in
the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www.jstor.org/journals/ssar.html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

The JSTOR Archive is a trusted digital repository providing for long-term preservation and access to leading academic
journals and scholarly literature from around the world. The Archive is supported by libraries, scholarly societies, publishers,
and foundations. It is an initiative of JSTOR, a not-for-profit organization with a mission to help the scholarly community take
advantage of advances in technology. For more information regarding JSTOR, please contact support@jstor.org.

http://www.jstor.org
Tue Jan 8 16:14:19 2008

http://links.jstor.org/sici?sici=0022-1511%28199303%2927%3A1%3C117%3APRTFIT%3E2.0.CO%3B2-E
http://www.jstor.org/about/terms.html
http://www.jstor.org/journals/ssar.html


-. 

given here seem to confirm Shine's suspicion that 
diets of arboreal and terrestrial snakes are similar. 
One can speculate on the reasons causing this appar- 
ent similarity, but our data are not yet sufficiently 
precise, and further ecological studies on this subject 
would be of great interest. As concluding remark, it 
would be strongly recommendable that ecologists 
avoid general deductions on food habits of a predator 
simply on the basis of its habitat: examples of arboreal 
snakes not preying on birds (e.g., see Shine, 1987) 
and terrestrial snakes occasionally eating birds (Lui- 
selli and Anibaldi, 1991; Luiselli and Agrimi, 1991; 
Luiselli and Rugiero, 1991; Agrimi and Luiselli, 1992) 
should be kept in mind. 
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Freeze tolerance is a remarkable adaptation that 
enhances the winter survival of some vertebrate ec- 
totherms. Although freeze tolerance in certain anu- 
rans was reported over a decade ago, this capacity was 
demonstrated in reptiles only recently. Adult garter 
snakes (Thamnophis sirfalis) can survive the freezing 
of at least 364 of their body water and remain frozen 
for at least 48 h without injury (Costanzo et al., 1988). 
Hatchlings of the aquatic painted turtle (Chryseinys 
picta), which overwinter terrestrially within natal 
nests, tolerate 24 h of freezing at -4 C (Storey et al., 
1988). Although adult C. picta retain some freeze tol- 
erance (Johnson, 1990), they most likely escape sub- 
zero temperatures by hibernating underwater (Ultsch, 
1989). 

Freeze tolerance occurs in box turtles (Terrapene spp.) 
that inhabit regions characterized by severely low 
winter temperatures (Costanzo and Claussen, 1990; 
Costanzo et al., 1990; Doroff and Keith, 1990). The 
eastern box turtle (T. carolitta), in particular, hiber- 
nates in shallow burrows excavated in loose soil, where 
it may be exposed to subfreezing temperatures (e.g., 
Claussen et al., 1991). Consequently, this species is 
highly freeze tolerant, able to survive temperatures 
< -3.6 C for at least several days and the freezing of 
258% of its body water (Costanzo and Claussen, 1990). 

The physiological mechanisms conferring freeze 
tolerance in reptiles are poorly understood. In con- 
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TABLE1. Glucose concentrations in organs from cold-conditioned box turtles (Terrapene carolina) sampled 
unfrozen or after freezing 68-88 h to a cloacal temperature of -3.0 C. Means (shown 11 SEM; N = 41 treatment) 
were statistically compared using Student's t-tests for independent samples. 

Glucose concentration (mM/L) 

Tissue Unfrozen Frozen 

Liver 22.1 i 4.8 63.4 & 14.0 
Heart 2.1 + 0.7 7.2 ? 0.7 
Muscle 4.8 11.2 12.1 ? 1.8 
Eye 1.0 ? 0.4 6.0 ? 1.7 
Brain 4.7 1 1.0 16.7 11.4 

trast, research on the wood frog (Rana sylvatica) has 
elucidated two primary adaptations that promote 
freeze tolerance. First, freezing initiates a rapid mo- 
bilization of glucose from liver glycogen which, fol- 
lowing its distribution via the vasculature, concen- 
trates in tissues (Storey, 1990). Glucose functions as 
a cryoprotectant by inhibiting freezing damage to 
cells (Costanzo and Lee, 1991) and tissues (Canty et 
al., 1986; Costanzo et al., 1991). Secondly, some water 
from visceral and peripheral organs is redistributed 
during freezing, ultimately accumulating as ice in 
coelomic and subdermal spaces. Organ dehydration 
reduces the amount of ice forming within tissues and 
associated freezing injury, particularly that caused by 
mechanical stress (Lee et al., 1990, 1992). A marked 
persistence of cardiovascular function during freez- 
ing promotes glucose distribution and organ dehy- 
dration (Layne et al., 1989; Costanzo et al., 1992). We 
undertook this investigation to determine whether 
similar adaptive responses to freezing also occur in 
eastern box turtles. 

Specimens of T. carolina (250-430 g) were collected 
from Scioto County, southern Ohio, during early 
spring 1990 and 1991. Turtles were cold-conditioned 
as described by Costanzo and Claussen (1990). Briefly, 
this involved housing them on damp moss and ex- 
posing them for several weeks to 5 C in a darkened 
room. Water was provided ad libitum, but food was 
withheld. 

Four turtles were individually fitted with cloacal 
thermocouples, placed in an insulated jar, and cooled 
in an ethanol bath. Subsequent to the onset of freez- 
ing (which was clearly indicated by the abrupt ces- 
sation of cooling; cf. Costanzo and Claussen, 1990), 
the turtles required from 68-88 h to reach a cloacal 
temperature of -3.0 C ? 0.3 C (mean iSEM). Frozen 
turtles were removed from the bath and immediately 
decapitated and dissected by severing the tissue be- 
tween plastron and carapace. Their intact hearts, eyes, 
and brains, and portions (ca. 150 mg) of liver and 
skeletal (forelimb) muscle were excised, blotted, and 
weighed to 0.1 mg. Performed by a team of two in- 
vestigators, all tissue harvesting and handling was 
completed within 2-3 min. Half of each sample (or 
one intact eye) was immediately prepared as de-
scribed by Costanzo et al. (1992) for use in colori- 
metric glucose determinations (Sigma, no. 510), 
whereas the remainder was oven dried (65 C) to de- 
termine water content. For comparative purposes, ad- 
ditional data were obtained from four (unfrozen) 
specimens taken directly from their cages at 4 C. These 
turtles, unlike the ones used in freezing tests, were 

Change (%) t P 

+186.9 2.8 0.016 
+242.9 5.0 0.001 
+152.1 3.4 0.007 
+500.0 3.0 0.013 
+255.3 6.9 0.001 

lightly anesthetized (10 mg/kg ketamine HC1) to fa- 
cilitate their decapitation. However, judging from the 
drug's action and short induction time, it seems un- 
likely that this treatment would markedly alter the 
parameters under investigation. 

Glucose concentrations were significantly higher 
in frozen relative to unfrozen tissues (Table I), sug- 
gesting that in box turtles this compound may have 
a cryoprotective function. By far the highest concen- 
trations occurred in the liver. Perhaps in T. carolina, 
as in freeze tolerant anurans (Storey, 1990), the liver 
is the primary site of glucose production. The mag- 
nitude of the increase in tissue glucose (2.5 to 6.0- 
fold) was notably less in T. carolina than is typical of 
freeze tolerant anurans (e.g., up to 50-fold; Storey, 
1990); however, because our turtles were tested fol- 
lowing hibernation, their glucose production capac- 
ity might be considerably less than that possible during 
autumn and winter. Nevertheless, cold-conditioned 
T. carolina are highly freeze tolerant even in spring 
(Costanzo and Claussen, 1990); thus it appears that 
adequate cryoprotection is afforded by even modest 
glucose concentrations. This may be particularly true 
of turtles inhabiting mild climates. Interestingly, the 
glucose levels of our T. carolina strikingly resemble 
those measured in wood frogs collected from the same 
habitats in south-central Ohio (Costanzo et al., 1992). 

Although T. carolina clearly mobilized glucose in 
our freezing tests, glucose may not be the sole (nor 
even primary) cryoprotectant agent used by this spe- 
cies. Accordingly, hatchling painted turtles and gar- 
ter snakes tolerate freezing but accumulate little or 
no glucose (Storey et al., 1988; Costanzo et al., 1988). 
Perhaps, then, in contrast to the case with freeze tol- 
erant anurans, glucose is of minor importance in rep- 
tilian freeze tolerance. In considering alternative 
cryoprotectant systems, Storey (1990) speculated that 
hatchling painted turtles maintain a sizable pool of 
free amino acids that colligatively regulates cell vol- 
ume during freezing. Additionally, Costanzo and 
Claussen (1990) suggested that the winter increase in 
osmotically active blood constituents, including uric 
acid, which increases 3- to 5-fold (Hutton and Good- 
night, 1957), might enhance freeze tolerance in T. 
carolina. Future research should not only investigate 
the efficacy of glucose in diminishing freezing dam- 
age, but also provide a careful screening for addi- 
tional cryoprotectants. 

Our dissections of frozen T. carollna revealed many 
ice crystals that had accumulated dorsal and ventral 
to the viscera in both thoracic and abdominal cavities. 
The heart, eye, and brain (but not the liver or muscle) 
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TABLE2. Water contents of organs from cold-conditioned box turtles (Terrapene carolina) sampled unfrozen 
or after freezing 68-88 h to a cloacal temperature of -3.0 C. Means (shown i 1 SEM; N = 4ltreatment) were 
statistically compared using square root-arcsine transformed values and Student's t-tests for independent 
samples. 

Water content (% of fresh mass) 

Tissue Unfrozen Frozen 

Liver 70.3 i 3.2 70.6 f 3.4 
Heart 78.7 f 0.6 76.2 i 0.5 
Muscle 77.9 i 1.1 77.3 f 1.1 
Eye 87.7 i 0.1 83.9 -C 1.9 
Brain 83.3 i 0.8 72.1 ?E 3.9 

dehydrated significantly during freezing (Table 21, 
indicating the probable origin of some of this water. 
Based on their studies with wood frogs, Lee et al. 
(1990; 1992) hypothesized that organ dehydration 
beneficially reduces the quantity of ice forming with- 
in tissues and thereby limits mechanical damage. Fur- 
thermore, the withdrawal of water concentrates cryo- 
protectant within tissues. 

The level of dehydration occurring in some tissues 
of T. carolina was generally lower than that typical of 
wood frogs (Costanzo et al., 1992). Also, both the liver 
and muscle of our turtles remained hydrated during 
freezing, whereas in wood frogs these organs dehy- 
drate markedly. These findings imply that the organ 
dehydration response is relatively less developed in 
T. carolina. However, the removal of even a modest 
amount of water may significantly enhance organ tol- 
erance to freezing stress in this species. Further, the 
considerable dehydration of both the eye and brain 
suggests that this process may be of particular im- 
portance in the cryoprotection of the nervous system. 

Cardiovascular performance figures importantly in 
the physiological adaptations promoting anuran freeze 
tolerance (Layne et al., 1989; Lee et al., 1990). There- 
fore, we made continuous electrocardiogram record- 
ings on a Grass polygraph during the freezing and 
thawing of three turtles, each fitted with a cloacal 
thermocouple and platinum subdermal electrodes on 
both forelimbs and one hind limb (ground). Body 
temperature (T,,) and heart rate (HR) were recorded 
at 1-h intervals during freezing to a cloacal temper- 
ature of -3 C and subsequent thawing at 5 C. 

Prefreeze cooling was characterized by parallel de- 
creases in T, and HR. Coincident with the onset of 
freezing, T, and HR stabilized at -0.5 C (the approx- 
imate melting point of plasma) and 2.0-2.5 beats min-', 
respectively, owing to the release of the latent heat 
of crystallization. Subsequently, both parameters 
gradually decreased as freezing progressed (Fig. 1). 
Cardiac electrical activity ultimately ceased 47 i 3.9 
h after freezing commenced (T, = -2.1 ? 0.2 C), was 
absent for the next 25 i 5 h, and spontaneously re- 
sumed (T, = -1.4 f 0.2 C) during thawing, about 20 
h before the ice had completely melted (Fig. 1). Gen- 
erally, HR tracked changes in T, during freezing and 
thawing. 

In wood frogs cardiac electrical activity ceases only 
after many hours of freezing (Layne et al., 1989) and 
resumes early in the thaw (Layne and First, 1991). 
This sequence also occurred with our T. carolina. 
Maintenance of cardiovascular function during freez- 

Change (%) t P 

40.4 0.1 0.476 
-3.2 3.2 0.010 
0 . 8  0.4 0.359 
-4.3 2.0 0.047 

1 3 . 4  2.8 0.016 

ing in both species seems critical because glucose, 
which is mobilized only after freezing commences, 
must be distributed to tissues via the vasculature. In 
our box turtles cardiac activity ceased only after T, 
had fallen to -2.1 C, a temperature associated with 
>40% body ice content (Costanzo and Claussen, 1990). 
How the heart of freeze tolerant vertebrates continues 
to function despite progressively increasing mechan- 
ical and osmotic stress is presently unknown. Owing 
to its relatively large body size, T. carolina is a useful 
model for investigating cardiovascular responses to 
freezing. 

In summary, the freezing responses of T. carolina, 
like those of freeze tolerant anurans, included: (1) an  
increase in tissue glucose; (2) a dehydration of some 
organs and concomitant sequestration of ice in peri- 
visceral spaces; and (3) a persistence of cardiac func- 
tion during freezing, followed by its cessation at a 
high body ice content and an early resumption during 
thawing. Despite these similarities, the magnitude of 
both the glucose mobilization and dehydration re-
sponses was relatively less in T. carolrna. Whether 
freeze tolerance in box turtles and other reptiles de- 
pends on additional, as yet unidentified physiological 
responses remains to be determined. 

ci 
6 
bthaw 

-12 0 12 24 16 48 60 72 X4 96 108 120 

Time (h) 

Frc. 1. Profile of cloacal temperature and heart 
rate of a 424 g box turtle (Terrapene carolina) during 
freezing to -3  C and subsequent thawing during 
exposure to 5 C. The onset of freezing was clearly 
marked by exothermy at time zero; thawing was in- 
duced at 62 h and, as judged from the cessation of 
endothermy, completed by 96 h .  
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