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The n u m b e r  of b inuc l ea r  and m u l t i nuc l ea r  epi thel ia l  cel ls  f o r m e d  in the skin of the r a t ' s  e a r  a f t e r  
t r a n s i e n t  and s l ight  f r e e z i n g ,  l ike the d e g r e e  of  gene ra l  degene ra t ive  changes  in the t i s sues ,  depends  on the 
t ime dur ing  which the t i ssue  is in a f r o z e n  s ta te  a t  a t e m p e r a t u r e  c lose  to the t e m p e r a t u r e  of f reez ing .  

It was shown that after transient freezing, binuclear and multinuclear cells are formed in the stratum 
germinativum of the cutaneous epithelium, in the sebaceous glands, and in the outer epithelial sheath of the 
hair follicle in mammals, including man [2, 3, 5, 11]. Earlier experiments revealed that in the epidermis 
of the ear of albino rats these cells develop in the greatest number in the most distal part of the ear, which 
under the experimental conditions used was in a frozen state for longer than the rest of the ear. In addition, 
variability of the number of binuclear and multinuelear cells formed was observed in these experiments. 

The object of the present investigation was to examine whether these differences are related to the 
conditions of freezing and to study the general character of changes in temperature in the course of freez- 
ing and thawing under the experimental conditions. 

EXPERIMENTAL METHOD 

Experiments were carried out on 18 male albino rats weighing 200-250 g. Under ether anesthesia the 
distal part of the ear was frozen by spraying ethyl chloride on to its posterior surface for 3-5 sec. The 
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Different types (a, b, c) of 
temperature curves recorded during 
freezingthe ears of albino rats. Ab- 
scissa, time from beginning of freezing 
(in sec); ordinate, temperature (in ~ 

intensity of sprayingwas varied slightly depending on the intensity 
of the release of ethyl chloride from the ampules. The ear tem- 
perature was measured during freezing and thawing by means of a 
needle thermocouple introduced into the connective tissue between 
the epithelium and cartilaginous plate. Galvanometer readings 
were recorded every 5 sec. The lowest temperature attained was 
also recorded. Thawing took place at room temperature. The 
rats were killed two days after the experiment, always at the same 
time of day (from 12 noon to I P.M.). The ears were amputated 
and fixed in Zenker-formol and Carnoy's fluid. Paraffin sections 
7/~ in thickness were stained with Mayer's hematoxylin-eosin. In 
every case the number of binuelear and multinuclear cells was 
counted in the stratum basale in I000 cells of this layer. 

EXPERIMENTAL RESULTS 

A few seconds after the beginning of freezing, as a rule the 
ear suddenly turned white at its edge and became hard. Trans- 
illumination showed that the frozen area was opaque. The freez- 
ing front advanced rapidly toward the base of the ear. Thawing 
began from this part and usually ended at the edge. Duringthawing 
the intensity of the white color gradually diminished. 
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Fig. 2. Relationship between 
number  of b inue lea r  and m u l t i -  
nuc l ea r  c e l l s  (BMC) in s t r a tum 
basa le  of cutaneous ep i the l ium 
and t ime dur ing which t i s sue  
was inn f rozen  s ta te .  A b s c i s s a ,  
t ime (in sec);  o rd ina te ,  number  
of BMC (in ~ Equation of l ine 
of r e g r e s s i o n  y = 6.25 + 0.622x; 
P < 0.001. 

Ana lys i s  of the t e m p e r a t u r e  curves  obtained shows that in d i f f e r -  
ent c a s e s  f r eez ing  and thawing followed di f ferent  courses  (Fig. 1). In 
mos t  ca se s  the t e m p e r a t u r e  of the e a r s  fel l  on the ave rage  during the 
f i r s t  4 sec  f rom +28 to -7.8 ~ (with va r i a t ion  f rom -2.6 to -15.5~ a f t e r  
which it rose  r ap id ly  (Fig. 1, curves  a,  b). This shows that overcool ing  
of the t i s sues  took p lace ,  followed by the sudden fo rmat ion  of ice and 
l i be r a t i on  of the la tent  heat  of c r y s t a l l i z a t i o n .  

If the f r eez ing  ended quickly,  thawing was complete  in 10 sec  (Fig. 
1, cu rve  a; mean of 5 cases ) .  If, on the o ther  hand, the durat ion of f r e e z -  
ing was longer  and continued even a f t e r  f r eez ing  of the t i s s u e s ,  as  shown 
by the oc c u r r e nc e  of a new, although s l ight ,  d e c r e a s e  in t e m p e r a t u r e  
a f t e r  the step on the t e m p e r a t u r e  curve ,  subsequent  thawing in some 
cases  took 1 rain or  longer  (Fig. 1, curve b; mean of 5 cases ) .  These  
d i f fe rences  were  perhaps  a t t r ibu tab le  to the fo rmat ion  of di f ferent  quan-  
t i t ies  of ice in the t i s s u e s .  Between these two ty~es there  were  a l so  
c u r v e s  of i n t e rmed ia t e  c h a r a c t e r .  In two cases  the fal l  in t e m p e r a t u r e  
was s lower ,  and no overeool ing  was r e c o r d e d  (Fig. 1, curve c). This 
s lowing of the fall  in t e m p e r a t u r e  before  the f r eez ing  point was r eached  
was due in a l l  p robab i l i t y  to l ibe ra t ion  of the la ten t  heat  of c r y s t a l l i z a -  
t ion a f t e r  overcool ing  in neighbor ing a r e a s .  This i n t e rp re t a t i on  follows 
f rom expe r i m e n t a l  work [6] to s tudy the p r i nc i p l e s  governing f reez ing  in 
d i f ferent  pa r t s  of a f rozen  object .  Very  probab ly  in some other  cases  

the end of the the rmocouple  did not l ie  in the reg ion  of max imal  overcool ing.  There  is t he re fo re  r eason  to 
suppose that  overeoo l ing  in some cases  was even deepe r  than was r e c o r d e d .  

A re la t ionsh ip  was d i s c o v e r e d  between the degree  of necrob io t i e  changes in the ea r  t i s sues  and the 
dura t ion  of f r eez ing  and thawing. Severe  in ju ry  with death of al l  t i s sues  took p lace  in ca ses  when the ea r  
was left  in a f rozen  s ta te  more  than 1-1.5 rain (3 cases ) .  With a s h o r t e r  dura t ion of thawing, nec ros i s  did 
not develop in the t i s s u e s .  I n f l a m m a t o r y  changes developed in the subcutaneous connective t i s sue ,  and the 
appea rance  of b inue lea r  and mu l t i nuc l ea r  ce l l s  and o ther  changes d e s c r i b e d  by the author  p r ev ious ly  were  
obse rved  in the e p i d e r m i s  and sebaceous  glands.  I f  the t e m p e r a t u r e  rose  above 0 ~ i m m e d i a t e l y  a f t e r  c r y s -  
t a l l i za t ion  of the wa te r ,  these  p r o c e s s e s  were  l e s s  m a r k e d  o r  absen t  a l toge the r .  

The number  of b inuc l ea r  and mu l t i nue l ea r  ce l l s  fo rmed  in the e p i d e r m i s  thus a l so  depended on the 
condit ions of f reez ing .  This r e l a t ionsh ip  is i l l u s t r a t e d  g r aph i ca l l y  in Fig.  2, showing that  a definite c o r r e -  
la t ion  is p r e s e n t  between the t ime dur ing  which the t i ssue  was in a f rozen  s ta te  and the number  of b inuc l ea r  
and mu l t i nuc l ea r  ce l ls  fo rmed  (P < 0.001, coeff ic ient  of r e g r e s s i o n  b = 0.622, number  of d e g r e e s  of f r e edom 
f = 13, t = 4.90, s t anda rd  deviat ion o-= 14.0). As  ment ioned above,  the number  of ce l l s  examined  was p a r t i c -  
u l a r l y  l a rge  in the mos t  d i s ta l  pa r t  of the e a r ,  which was in a f rozen  s ta te  for  a longer  t ime.  

F r e e z i n g  of wa te r  in the t i s sues  in the case  of slow f r eez ing  takes place  e x t r a c e l l u l a r l y ,  but if f r e e z -  
ing is rap id  and the re  is a p p r e c i a b l e  overeool ing ,  it  a l so  takes  p lace  i n t r a c e l l u l a r l y  [4, 8, 10, 14]. Since 
f r eez ing  of the e a r s  in the p r e s e n t  e x p e r i m e n t  took place  a f t e r  a p p r e c i a b l e  overeool ing ,  it can be a s s u m e d  
that i n t r a c e l l u l a r  f r eez ing  took p lace .  This a s sumpt ion  is a l so  conf i rmed  by death of the ce l l s  in cases  
when the e a r  r e m a i n e d  in a f rozen  s ta te  for  longer  than 1-1.5 rain. In the case  of slow f reez ing  producing 
only e x t r a c e l l u l a r  c r y s t a l l i z a t i o n  of wa te r ,  the skin  can r e m a i n  in a f rozen  s ta te  c lose to f r eez ing  point 
without a p p r e c i a b l e  damage for  a much longer  t ime [8, 14]. 

The p o s s i b i l i t y  of su rv iva l  of the ce l l s  of some t i s sues  a f t e r  i n t r a c e l l u l a r  ice fo rmat ion  dur ing rap id  
f r eez ing  is now accep ted  by many inves t i ga to r s  [1, 7, 9, 12, 12]. This p o s s i b i l i t y  was emphas ized ,  in p a r -  
t i cu l a r ,  at  a sympos ium of the A m e r i c a n  Society of Cryob io log i s t s  held in Madison in 1965. The view is 
held that  i t  is not the p r e s e n c e  of ice in the cel ls  i t se l f  but the s ize  of i ts c r y s t a l s  which is the deciding 
f ac to r  [15]. At  v e r y  low t e m p e r a t u r e s  the c r y s t a l s  grow rap id ly ,  and this expla ins  the need for  r a p i d t h a w -  

ing [8]. 

The r e s u l t s  of these expe r imen t s  thus conf i rm that  ce l l s  of the cutaneous epi the l ium and its der iva t ion ,  
and p o s s i b l y  o ther  t i s sues  of the r a t ' s  e a r  can t o l e r a t e  t r ans i en t  and s l ight  f r eez ing  withpin a l l  p robab i l i ty ,  
i n t r a c e l l u l a r  ice format ion .  The degree  of r eac t ive  changes in the cel ls  of the e p i d e r m i s  dur ing  f reez ing ,  
including the number  of b inuc tea r  and mu l t i nuc l ea r  ce l l s  fo rmed ,  depends on the t ime dur ing which the t i s -  
sue is in a f rozen  s ta te  a t  a t e m p e r a t u r e  close to the f r eez ing  point.  
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