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Summary. Wood frogs ( Ranu syluatica) were frozen to
-2.5"C under f ive d is t inct  cool ing regimes to invest igate
the effect of cooling rate on survival. Frogs survived
f reez ing  whcn  coo led  a t  0 .16 'C  .h  l  o r  - 0 .18 'C .h  1 ,

bu t  mor ta l i t y  resu l t ed  a t  h i ghe r  ra tes  ( -0 .30  oC .h - r .
- 1 . 0 3 ' C ' h  1 ,  a n d  - 1 . 1 1  " C ' h  t ) . s u r v i v i n g  f r o g s  i n
the latter groups required longer periods to recover, and
transient injury to the neurornuscular system was ev-
ident. Some of the frogs that died had patches of dis-
colored, apparently necrotic skin; vascular damage, as
indicated by hematoma, also occurred. It is concluded
that slow cooling may be crit ical to the freeze tolerance
of wood frogs. Additional studies examined the effect of
cooling rate on physiological responses promoting freeze
tolerance. Mean glucose concentrations measured in
p lasma  (15 -16  pmo l  'm l - ' )  and  l i ve r  (42  45  pmo l  . g  1 )

following a 2-h thaw did not differ between slowly- and
rapidly-cooled frogs but in both groups were elevated
relative to unfrozen controls. Thus, freezing injury to
rapidly-cooled frogs apparently was not mitigated by the
presence of elevated glucose. Water contents of l iver
tissue, measured 2 h post-thawing, did not differ between
slowly-cooled (mean :17 .6%) and rapid ly-cooled
(mean:78.5%) f rogs.  However,  the mean hematocr i t  o f
slowly-cooled frogs (48%) was significantly higher than
rhat (37%) of frogs cooled rapidty, possibly owing to
differences in the dynanrics of t issue water during freez-
ing.
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Introduction

Thermal rate phenomena in cryobiological systems have
received considerable study over the past several decades.
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Rapid cooling of unfrozen tissues may produce cold
shock, an injury to cells owing to respiratory damage,
changes in the selective permeabil ity of plasma mem-
branes, or phase transitions in membrane lipids (Morris
1987). Rapid cooling also may be harmful to freezing
tissues because it promotes intracellular ice formation
(Mazur i963), transmembrane osmotic disequil ibrium
(Levin 1988), or extensive ice formation within the vas-
culature (Pegg 1988).

Slow cooling is typically required for freezing survival
of isolated cell preparations (Meryman 1966; Liebo and
Mazur 1971;Di l ler  1975),  as wel l  as complex t issues and
embryos (Pegg 1988). This principle extrapolates to in-
tact organisms (Baust and Rojas 1985) the lethal effect
of rapid cooling has been rcvealed in certain. otherwise
freeze-tolerar.rt, insect larvae (Bale et al. 1989) and aclults
(Miller 1978). Slow cooling is l ikely crucial to the survival
of all freeze-tolerant animals, but in vertebrates this has
yet to be conclusively demonstrated. However, some
investigators (Layne and Lee 1987a; Costanzo et al.
1988) noted that, under laboratory conditions, well-
insulated (i.e., slowly cooled) vertebrates survive freezing
better. In a recent study, the failure of l izards to survive
freezing was attributed, in part, to excessive rates of ice
accumulat ion (Claussen et  a l .  1990).

Freezing survival requires that cells and tissues
tolerate significant perturbations in physiochemical ho-
meostasis. With tieeze-tolerant vertebrates, two major
adaptations promoting freezing survival have been
hypothesized. First, glucose, which serves a cryoprotec-
tive function in most freeze-tolerant frogs (Storey and
Storey 1988;  Costanzo et  a l .  1992),  is  produced in the l iver
and mobil ized to tissues in direct response to ice forma-
t ion (Storey and Storey 1984).  Thc card iovascular  system
is the pr inc ipal  mechanisnt  ef fect ing g lucose d is t r ibut ion
and must  accompl ish th is  task in  a t imely manner,  s lnce
it eventually succumbs to l ieezing-related stresses
(Layne et  a l .  l9 l t9) .  Secondly.  large quant i t ies of  water
are withdrawn from organs during freezing and accumu-
late as ice in the coelomic cavity and beneath the skin
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(Lee et al. 1990a). 
-I 'his 

dehydration responsc mav prorcr:r
t issues. and organs ltom rnechanictl ciamage owing to
excessive ice formal ion (Lee et  a l .  i990b).

The freeze-tolerant wood frtrg. R,tttci s.y.luati(,o, \4,as
used to investigate the cff-cct of cooling rale on survival.
By measuring glucose and water conterirs clf t issues fol-
lowing freezing, rhe influcnce of cooiing 13te on physio_
logical responses promoting freeze toierance u,as also
assessed.

Materials and methods

Male wood fiogs ( Ranrl s:.y'lt utit.it ) u,crr: clliccterJ cluring etiLiy
February 1990, f ror l  breedrng ponds in At lanrs ( iount1, .  southcrr . r
Ohio.  The l rogs were t ransported to thc iaboratorv,  p la ied in cages
c'ontain ing danp moss,  ar)d e. \posci l  lo  ct rnd t  tn '  (4 "C. to ' ta l
darkness) s imulat ing hlbernat ion.  l ,ooel  v" ,as not  provideci .  The
frogs were testcd 53 7.5 days fo l lowtng thci r  i :aLr lure.

Al i  f rogs were f rozen- insldc plarr i i :  cr jn in l 'Jgc tu i res suhnrcrgccl
i n  an  a l coho l  ba th  (R ' IE  210 .  Ncs la i r  I ns r run l cn t s ,  I r r c . ) .  A  t f , e r_
mocouplc probe,  p laccd against  rhe l rog.s abi lornen,  wns used rn
conjunct ion wi th a mul t ichannel  t lata iogger {ONl500, Omega [ngi-
neer ing,  Inc.)  to nrake cont inuous tempcrature recor<i ings ,Jur i i rg
cooling. Thermocouple probes r,,,erc iniuiated l.rom the lubc wail
wi th a^srnal l  p iecc.  of  p last ic  foanr.  l i rogs were in i t ia l ly  cqui i rbratet l
to 0 

-C 
in an ice bath,  fo l lorv ing which thc tuhes werc:  i ranslerred

to the alcohol  bath a,d the f reezing cpisode uas in i t iated.  r 'hc onsot
of ice lormation (verified by a recorded exotherrn) was rnduced
when body temperature reachcd -  1.0 ro -  1.5 

.C 
by l ight ly  apply_

ing aeros-ol  coolant  to the tuhc's exter ior .  Al icr  sub*-quent cool ing
to -2.5 oC. 

f rozen f rogs were kept  in rhe bath an at jd i t ional  I  2 h
to a l low the ent i re body ro rcaclr  thermocqr.r i l ibr ium.

Suruirul e.\perim('nt.\. Frogs wcre chosen tLnc[rrnlt. Irom u pool
o 1 ' 2 4  a n i m a l s  ( m c a n  r n a s s  f  I  S l  M . .  l 4 . 5 t t i . 5  r : )  l o r  u s c  i n  t h c
surv ival  stLrdics.  Groups ol '  l ro{s r .vcr . i :  lmzen Lrnr lcr  l lve dist rnct
cool ing regirnes.  Two ol ' t l . rcse u,erc prociuced by subnrerging rubes,
ei t t rer  insulatct l  cxtcrnalry r 'v i th p lastrc l i ,am i" i r .w" coor)  or  unir -
sulatcd (" f  ast"  cool) .  in  thc prc<. : . . lcr l  : l t - . l . r , l  f ,arh.  

. fhrcc 
intcr-

mediate cool ing rcgimcs ( ' .modcratc ly,  s l \J \ \ , ' . .  . 'n t { )dcratc. . .  
i inc l

"moderately fast")  were produccd b '  sub'r . : r -e ing Lrrr i 's t i rater i  lubcs
in a bath contro l lcc l  by a tcnrperarurc prost . rntntcr  iF lp l .  \ -cs la l r
Instrumcnts,  lnc.) .  ln  these t r - i i t ls ,  thc crro l i r rg l rotrant  , , l ,us i r r i r iat t ,C
immed ia te l v  f o l l ow ing  t he  onse t  o t ' i c c  l i ; r n t a t i on .  ( , o t t l i ng  r a t c  r i . c  .
ratc of  heat  loss)  dur ing the f rcczing cpisodc.  and thc l inr- r ,  rcqurr .er i
t o  r each  t hc rn i . cqu i l i b r i u ' r  a t  f . . 5  o { - ' .  wc rc -  dc l e l i r r uc r r  I . r . cuch
rrog.

Frozen l iogs wcre tnrnslcrrcd to:r  cold rot lnr  ( . .1 . ' ( ' i .  rcmr;rcd
from the tubcs,  p iaced indiv ic lual ly  i r r  p l i ts t ic  conlui r rer :  o! l  i i  , \ ,c t
papcr substrate.  arrd a l iowcd to t l ravu, .  lhc, ;  r . r . .c t .e pcr iocl ical i l , i lon_
i torcd lbr  rccovcry cr i tcr . ia orcr  sc\cr i i l  ( ia , \ i5.  Wc j r i r luecl  th i i t  t r , rgs
recove rcd  f u l l y  f r o rn  l r . c cz i r r g  i t n t l  t h i l u r r i g  i 1 ' 1h "1  o l t r r r r r r c l r ,  , houcc l
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normal neuromuscui l r  ref lexes (r ight ing response and retract ion of
cxtendcd hindi i rnbs).  rnainta ined norrrr i l  h*d anJ t .unk postures,
and rvcre capablc o l 'sponf  aneous locomot ion.

I'hvsiologtic.tl rttpon.\e.\ to free:ing. Thirty additional liogs (mean
nlass+ I  SI lh4 . -  14.5-() .3 g)  were randomly assigned to one of
l t r ree.-groups ' fwo 

groups were l rozen u. .orJ ing to e l ther the"s lou,"  or  * fast"  
cool ing rcgimes descr ibeci  above ai , j  permit ted to

thaw at 4 
o(_' 

for 2 h beibie^tissu., *... ,"-pi.a. fn. remaining
gr.Lrp.  which ser 'ed 's an unfrozen contror .  *o,  tuk.n d i rect ly  f ror i
the colc l  roont .

Ai l  l iogs n 'crc r . ;u ick l l -  k i l lect  by t loublc_pirh ing and dissectct l  on
ice.  

- ihc 
heur. t  and I i rcr  wcrc e"pi rsed hy a mid_s'agi t ta l  inc is ion in

the ve ' r ra l  b i 'Jy wah. I l lood was col lected f r .m thci .onus ar ter iosus
al t i  c t i ; t r i l 'ug; t i  ;  l rcmatocr i t  was measurcd by standar<j  melhods
rrrr l  thc n lusnra wus stored (  g0 .C.) .  A p, , r i inn of . thc l ivcr  (ca.
l i i l  r l r l l l  * . ; rs  cr ' ise t i .  i ight i ) .  b lot tcd.  wcrghc<J.  ancl  hornogcnizcd i '
t r .1)  n: l  rc , r -col i l  phosohatc bul l 'crcr l  sal ine ( : :O m,LI) .  Thc homo_
ger i i ; i t ]  !1u: t  t :cni r i l 'ugcd (1000 x9) ancl  thc supcrnalant  immediately
i io: rer i  t l  i l { )  "C.  An adcl i t ional  l i i . ,cr  samplc (ca.  t t tO mg) was
oxc l scd  . ) i l r i  r ' l r i c r l  l r t  { r 5  " ( ' t o  cons t i l n t  mass ;  wa te r  con t c l l l  o l . t he
I r s \ L l \ i  \ r . r s  r : r ] c t r i r t ed  on  t hc  bas i s  o f  i nass  l oss .  ( i l u cose  conccn t ra -
t i ( )n, i  ; ; ) .dr" i ' ) t . . l . in i rcr l  p l l rsrna ancl  l iver  cr t racts rvcre mcasurecl
r i r c i t i ( i i - - h ( ) t ( ) 11 l r : t r - r cu l l v  l p roc r . du rc  no . , 5  I 0 .  S i gn ta  ( i hcn t i ca l  Co . ) .
Mcur i  val l rcs 1or p iasma ancl  l i ,u.er  g lucosc cont int .  hematocnt .  and
l l \ '0r  , " ! i l tc t 'col tc t r l  we re contparod s lat is t ical ly  bctrvccn s lowly-  and
rr l i i r i i l . ;q l lcc i  l iogs using Studcnt .s l_tcsts.  Signi f icancc was judged
at l '< { - r . ( )5.

Itesults

lilfett o/ /rcezinq rute on wood f ro(t surt)iual

Frogs in the "slow" and '.moderately 
slow" treatment

$l -oups.readi lv  surv ived f reezing when cooled at  -0.16'C . h 1 ancl -- 0. l8 'f l  - h 
- t, reipectively, but cooling at(). I '( l  . h 

- '  or higher rates resulted in mortality
(I 'atrlc l). All l iogs in the .. last" grolrp. which were
sub_lecred to rhe h ighest  cool ing rar ;  (_ ' l .17 .C .h r ) ,
ri icd. Frogs in the '"moderate" 

and ..moderatelv 
fast,,

l.rca{it ient groups had intermediate survival rates; tran_
sicnr ,  sublethal  in lur i  occurred in  the surv ivors (Table l ) .

l irogs in the "slow" treatnient groups rscovered rapid-
ly .  Wi th in l2  h of  tharv ing,  rhythmic respi rarory move_
menrs and cardiac activity were evident; ail frogs showed
tytr,ical head and tlunk postures, normal hindlimb retrac_
t ion and l ight i r rg l .e f lcxes,  and nor .mal  locomotor  abi l i ty .
F rogs in  the "moderate ly  s low" group responded s imi lar_
ly: one irrdtvidual had poor ntotor control ancl cli l l iculty
in r ight ing 24 h post- thawing.  but  a l l  met  recoverv
cr  i t t r i ; . r  h-r  J \  l r

Table l .  Surv ival  and recole l r  { ) i  l r r i i lc
wood  f r " ogs  ,  Runu  . ' :  ! r t t t i L , r  . t , l ' j r . i r ' , i  r , ,
d i f ferent  cool ing regintes dur" ing i ' r -cczi t rg io
-  2.5 

'C.  
Mcans are shoq'n :  I  SI)

( 'ool i lgrcgime I : i -eezer. ,
d u r a t i o n  ( h 1

Sl ' i r  11 .9  ,  i ,
Mocleratcl l . ,  siorv 19.0 + i)
N4i;dlratc l l .0 , i  (J
Vloderatcl l ,  last 6.2 + 0
[ ; e s t  . 1 .  l f 6 .

i ) . i 6 - f . t ) I  . 1 , , , 1
0.  I t i  t  { l  ( } l  5, .5
0 .311  , i  0  ( ) l  : 1 , 5

- -  ! . 0 1 i  ( ) . i ) 6  - t  5
1 .17  +  ( ) . 2 . 1  0 , ' . 5

a l l  rv i th rn  12  h
most  w i th in  l2  h
most r.r'ithin 24 h
most rvi thin 43 h
(none)

1.5 "C fbl lowing thc onset of ice

- l ' C t o  . . 2 ' C '

{ .1 ) (  )  l i  ng t '

r a t c  { - i - l  .  l r  1 }
No. surr , i l ' ing
rro.  lestc i l

Recovery of
survt  vors

".  I inre .required i i rr  l iogs to reuch thernoequil ibr iutn ut
I irrur a ti o rr
r '  t 'ooi ing rr tcs o l '  f i .ogs were caicLr latecl  in th<-,  intcrval
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Table 2. Physiological responses of male
wood frogs ( Rana syluatit'a1 cooled slowly
and rapidly during freezing, relative to
unfrozcn contro ls.  Means are shown
+ I  S E M

Group" [-iver Blood

glucose
( p m o l  . g  t )

water content glucose hematocrit
(% fresh mass) (pmol .ml  , )  (Y")

Unfrozen
Slow cool
Fast  cool

Student 's  1
Pb

1 3 . 3 +  3 . 2
4 5 . 4 + 1 7 . 5
4 1 . 5  +  1 0 . 3

0 .  l 9 l
0.425

75.0 + 0.5
11  .6+  1 .2
78 .5  +  1 .3

0.547
0.296

r . 5 + 0 .  I
15 .3  +  2 .3
16 .4  +  3 .3

0.282
0.391

34 .0  +  t . l
41 .6 + 3.7
3  t . z  r  s . z

2.121
0.024

l 0
t 0
l 0

o Freeze durations and cooling rates of "slow cool" and "fast cool" treatments are similar
to thosc given in Table I
b Stat is t ical  compar isons,  using Student 's  / - test  ( r f :18),  were made between parameter
means f rom slow- and fast-cool  gr i )ups;  p<0.05

Frogs in the "moderate" group lacked limb retraction
and righting reflexes, showed no respiratory movements,
and lacked muscle tone 6.5 h post-thawing, but their
condition later improved. By 24 h most had normal
postures and only two lacked the righting response. One
of these was later found dead (at 52.5 h) with a large
hematoma beneath the thigh skin, but the other re-
covered fully.

Frogs in the "moderately fast" group were in poor
condition 9.5 h post-thawing. All lacked muscle tone and
failed to retract their l imbs. The eyes of three frogs ap-
peared opaque and one of these made spasmodic respi-
ratory movements when its thoracic region was de-
pressed. When examined 6 h later, one frog, which had
a large patch of discolored skin on its dorsum, was dead.
However, the remaining frogs, though clearly lacking the
righting reflex, breathed rhythmically and all but one
could retract their hindlimbs. The latter, which had large
patches of darkened skin on its dorsal trunk and thighs
(but apparently no hematoma), was found dead at 43 h
post-thawing. Recovery of the remaining animals was
nearly complete by this time. although one frog appeared
to suffer from neuromuscular damage: it displayed poor
body posture and carried its head in a ti l ted manner but
ultimately survived.

Frogs in the "fast" treatment group were in poor
condition following thawing. By 16.5 h they were l imp
(lacking muscle tone) and showed no righting or l imb
retraction reflexes, most were unresponsive to pinching.
However, all had rhythmic cardiac activity and two frogs
showed breathing movements in response to thoracic
palpation. Within the next 5 h their condition improved
slightly: some showed spontar.reous breathing and one
could move its eyelids and eyes. None regained the
righting reflex. All frogs died by 4l h posr-rhawrng, as no
breathing or heart beat could be discerned and the frogs
did not respond to pinching. Two frogs had very notice-
able hematoma under the skin of the thigh; when incised,
a small volume of f luid, which contained erythrocvtes.
was exuded.

Physiological responses to .fi'ee zin1l in wood Ji.ogs

Frogs frozen under both "slow" and "fast" cooling re-
gimes had higher plasma and liver glucose contents rela-
tive to unfrozen controls (Table 2). Freezing to - 2.5 "C

0  5 0  1 0 0  1 5 0  2 0 0
L iver  g lucose (pmol  .  g - r )

Fig, l. Glucose concentration in plasma as a function of glucose
concentration in liver, measured in male wood frogs (Rana syl,
ua t ica)  coo leds lowly  ( -0 .16  oC .  h -1)or rap id ly ( -  l . l7 'C  .  h -1)
during freezing to -2.5 oC

elevated plasma glucose about lO-fold and liver glucose
about 3-fold. Regression analysis showed that plasma
glucose concentrat ion was direct ly related (r2:0.462,
df : 18, P < 0.001) to l iver glucose concentration (Fig. l);
both parameters were highly variable among individuals.
Concentration means were not statistically different be-
tween the "slow" and "fast" treatment groups for either
plasma or l iver glucose (Table 2).

Mean values for liver water content did not differ
statistically between the "slow" and "fast" treatment
groups and were similar to that of the unfrozen control,
75% of fresh mass (Table 2). In contrast, slowly-cooled
frogs had hematocrits (mean :41 .6o/o) sienificantlv
higher than those (mean : 37 .2v"1of rapidly-colled frogs
(Table 2).

Discussion

Our experiments suggest that freeze tolerance in R. syl,
uatica depends upon slow cooling during the freezing
episode. Freezing injury may result because ice accu-
mulation is excessive (Storey and Storey 1988);however,
the differential survival we observed is probably not due
to differences in ice content. This is assumed because final
body ice contents should have been comparable amons
frogs wi th s imi lar  equi l ibr ium temperatures and t issui
osmotic concentrations (e.g., Claussen and Costanzo
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1990). Alternatively, injury associated with the higher
cooling rates may be attributed to thermal effects and the
location and rate of ice formation.

The physiological processes enabling animals to
tolerate freezing doubtless have limits that are breached
ifcooling proceeds at an excessive rate. It is unlikely that
the higher cooling rates used in the present study would
be encountered by R. syluatica in nature because thermal
buffering is provided by the leaf litter under which these
frogs hibernate (Schmid 1982). Nevertheless, experi-
mentation using elevated rates is instructive in studies of
physiological adaptations promoting freeze tolerance.

Rapid cooling during the freezing episode resulted in
.delayed recovery, transient sublethal injury, and, with
the highest rates, death. Some frogs that died had dis-
colored skin, probably reflecting localized necrosis and
the destruction of melanophores. Lotshaw (1977) re-
ported that epidermal necrosis was rare in frozen
R. syluatica, but common in R. catesbeiana, a freeze-
intolerant species. Since hematoma was evident in several
frogs that died, the vasculature also appears susceptible
to rapid cooling. Minor hematoma in R. svluatica was
reported by Layne and Lee (1987b), althougir these frogs
recovered fully. Our behavioral observations of frogs
during recovery suggested that the neuromuscular sys-
tem was particularly debilitated by rapid cooling. In-
terestingly, the heart initially recovered from rapid
cooling, since rhythmic cardiac contractions were always
evident during the early stages of recovery.

The mobilization of the cryoprotectant, glucose, is
apparently an adaptation promoting freezing survival in
R. syluatica under natural conditions. Ice formation in
the tissues of most freeze-tolerant frogs invokes a rapid
production of glucose via glycogenolysis in the liver,
which enters the blood and ultimately reaches other
tissues (Storey and Storey 1984). Concordantly, we ob-
served a high correlation between glucose concentra-
tions in plasma and liver. Our mean value for plasma
glucose, 15.3 pmol.ml-1, compares favorably with that
(l4.6pmol' ml-') reported for other slowly-cooled,
Ohio R. syluatica (Layne and Lee 1987b).

Rapid ice accumulation may conceivably hamper the
distribution of glucose, perhaps by accelerating car-
diovascular failure, with potentially damaging conse-
quences. However, glucose concentrations in the plasma
and liver of rapidly-cooled frogs, like those of slowly-
cooled frogs, were elevated above controls, suggesting
that a significant mobilization occurred. Thus, injury
induced by rapid cooling apparently is not mitigated by
the presence of elevated glucose.

Although our glucose data imply that cryoprotectant
was adequately produced and mobilized during rapid
cooling, this contention may be deceptive. Conceivably
the elevated glucose measured in these frogs was syn-
thesized in the liver and mobilized to the blood during
thawing, rather than during freezing per se. This specula-
tion is plausible because conditions requisite for this
response [e.g., ice crystals within body fluids, effective
tissue perfusion; Storey and Storey (1988)l were likely
present during thawing. Accordingly, injury in the rap-
idly-cooled frogs may have resulted in part from insuf-

r.r. L-o$anzo er aI.: Erect of cooling rate on wood frogs

ficient cryoprotectant and consequent, excessive ice accu_
mulation in -tissues [without glucose's colligative depres_
sion of the freezing point, relatively more ice -uy huu"
formed; see Claussen and Costanzo (1990)1. Further
experimentation is needed to clarify the mechanisms of
injury associated with rapid cooling.

During a slow freezing episode, large quantities of
water are removed from tissues and redistributed
throughout the coelomic cavity and beneath the skin
(Lee et al. 1990a). This beneficial dehydration is believed
to reduce mechanical freezing injury to the vasculature
(Lee et al. 1990b). It is hypothesized that rapid cooling
traps water in tissues that otherwise would be evacuated
durin^g slow cooling. Livers from slowly-cooled frogs
therefore should contain less water than tirose from rai_
idly-cooled frogs. Unfortunately, potential rate differen-
ces were obscured because tissues apparently rehydrated
during the 2-h thaw prior to sampling. This is evidenr
because liver water contents of all thawed frogs ap-
proached those of the unfrozen controls (Table Zj. Our
hematocrit data nevertheless support the notion that
rapid cooling inhibits the efflux of water from tissues.
The marked hemoconcentration in slowly-cooled frogs
probably resulted because much water remained outside
the vasculature at the time of sampling. The com_
paratively lower hematocrits of rapidly-cooled frogs,
which were thawed and sampled in a similar -anni.,
conceivably reflect a lesser, overall redistribution of
water (i.e., dehydration) during freezing.

. . Subsequent study of the mechanisms of rapid-cooling
injury ought to include a direct evaluation of the re-_
sponse of the cardiovascular system to freezing. For
example, the time-courses of cardiac output and tissue
perfusion might be compared between slowly- and rap-
idly-cooled animals. These results, coupled with data on
tissue glucose concentrations, hydration states, and ice
contents, should elucidate factors critical to freezins sur_
vival.

Acknow,ledgements. We thank Rocky Knauffand Ted Easterling for
granting access to their properties in our pursuit of frogs. This work
is supported in part by the National Institutes of Health Grant
I Rl5 HL-40535-01 and the Ohio Board of Resents Research
Challenge Grant. Miami Universiry (REL).

References

Bale JS, Hansen TN. Nishino M, Baust JG (1989) Effect of cooling
rate on the survival of larvae, pupariation, and adult emergence
of the gallfly Eurosta solidaginis. Cryobiol 26:285-289

Baust JG, Rojas RR ( 1985) Review-insect cold hardiness: Facts and
fancy. J Insect Physiol 3l:'r-55-759

Claussen DL, Costanzo JP (1990) A simple model for estimating the
ice contents of freezing ectotherms. J Thermal Biol l5:223 231

Claussen DL, Townsley MD, Bausch RG (1990) Supercooling and
freeze tolerance in the European wall lizard, podarcis muralis,
with a revisional history of the discovery of freeze tolerance in
vertebrates. J Comp Physiol B 160: 137-143

Costanzo JP, Claussen DL, Lee RE (1988) Natural lreeze tolerance
in a repti le. Cryo-Lett 9:38G-385

Costanzo JP, Wright MF, Lee RE (1992) Freeze tolerance as an
overwintering adaptation in Copes' Grey Treelrog (H1.la
chrysoscelis). Copeia (in press)



J.P. Costanzo ct al. :Effect of cool ing rate on wood frogs

Dil lcr KR (1975) Intracel lular freczing: E,ffect of extracel lular
supercooling. Cryobiol l2:4t30 485

Layne JR, Lee RE (1987a) Biophysical and environmental para-
metcrs influsncing icc formation in the body fluids of frogs.
Cryobiol 24:568 569 (abstract)

Laync JR, Lce RE (1987b) Freeze tolerance and thc dynamics of
ice formatiorr in wood frogs (Rana syluatica) from southern
Ohio. Can J Zool 65:2062 2065

Layne JR. Lcn RE, Heil  TL (1989) Freezing-induced changcs in the
hcart ratc of wood frogs ( Rana syluatit'a ). Am J Physiol
2 5 7 : R 1 0 4 6  R 1 0 4 9

Lee RE, Davidson EC, Layne JR (1990a) Extra-organ sequestra-
t ion of ice in the wood frog. The FASEB Journal 4:4551
(abstract)

Lee RE, Layne JR, Costanzo JP, Davidson EC (1990b) Systemic
and organismal responses to freezing in vertebrates. Cryobiol
27:643 644 (abstract)

Levin RL (1988) Osmotic behavior of cel ls during freezing and
thawing. ln: McGrath JJ, Di l ler KR (eds) Low temperature
biotechnology: Emerging applications and engineering con-
tr ibutions. BED-Vol. 10, Am Soc of Mech Engineers, New
York ,  pp  177 188

Liebo SP, Mazur P (1971) The role ol cool ing rates in low-
temperature preservation. Cryobiol 8 : 447452

229

Lotshaw DP ( I 977) Temperature adaptation and effects of thermal
acclimation in Rana syluatica and Rana catesbeiana. Comp
Biochem Physiol 56 287-294

Mazur P (1963) Kinetics of water loss from cells at subzero tem-
peratures and the likelihood of intracellular freezing. J Gen
Physiol 47:34"1-369

Meryman HT (1966) Review of biological freezing. In: Meryman
HT (ed) Cryobiology. Academic Press, London, pp l-114

Miller LK (1978) Freezing tolerance in relation to cooling rate in
an adult insect. Cryobiol 15 345 349

Morris GJ (1987) Direct chilling injury. In: Grout BWW, Morris
GJ (eds) The effects of low temperatures on biological systems.
Edward Arnold Ltd, London, pp 120-146

Pegg, DE (1988) The nature of cryobiological problems. In:
McGrath JJ, Diller KR (eds) Low temperature biotechnology:
Emerging applications and engineering contributions. BED-
Vol. 10, Am Soc of Mech Engineers, New York, pp 3-24

Schmid WD (1982) Survival of frogs in low temperature. Science
215:691-698

Storey KB, Storey JM (1984) Biochemical adaptation for freezing
tolerance in the wood frog, Rana syluatica. J Comp Physiol B
155:29-36

Storey KB, Storey JM (1988) Freeze tolerance in animals. physiol
Rev 68:27-84


