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viable cells   can be frozen to temperatures that permit. indefinite stotage. r

Cooling either too slowly  or too rapidlyl tends  to be damaging.
-
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II. PHYSICAL EVENTS DURING FREEZING

The physical events occurring in cells during freezing are depicted

2-                                      22
schematically in Figure li.     Down to about   -5'C, the cells and their (F-' )

surrounding medium remain unfrozen both because of supercooling and because

of the depression of the freezing point by the protective solutes that are

present. Between -5' and about -15-C, ice forms in the external medium

(either spontaneously, or as a result of seeding).  But the cell contents

remain unfrozen, and supercooled, presumably because the plasma membrane

blocks the growth of ice crystals into the cell (Mazur, 1965).  The super-

cooled water in the cells has by definition a higher chemical potential than

+that of water in partly frozen solution outside the cell, and in response   0

this difference in potential, water flows out of the cell and freezes

externally.  The subsequent physical events in the cell depend on cooling

velocity. If cooling is sufficiently slow (upper right), the cell.  is able
to lose water rapidly enough by exosmosis so that the resulting concentration

of intracellular solutes eliminates supercooling and maintains the chemical

potential of intracellular water id equilibrium with that of extracellular

water. The result is that the cell dehydrates and does not freeze intra-

cellularly.  But if the cell is cooled too rapidly (bottom and center right),

it is not able to lose water fast enough to maintain equilibrium; it becomes

increasingly supercooled, and eventually freezes intracellularly.

Quantitative Theory                                                                     :

In 1963 (  )- I suggested that these qualitative statements could be

couched in quantitative terms.  More specifically, the suggestion was that             -

the rate of exosmosis of water during freezing could be dekcribed by four

simultaneous equations, namely,                                                         -

1.                                                                                                                                                                                                                                                                                         ./

i'l ......../-...,...·-··......·- ·······-····.
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dV» = (LpART £n pe/pi)/vi                             [1]

where V is the volume of cell water, t is time, L  the permeability

coefficient for ,watpr Jhydrau:tic conductivity),   A  the cell surface

R    ,  3   44-e      9.4  1     C.16nl  TORT          j        i   5    7  + MAQ/*a  47Lf t.

area: and vl the mofar volume of water.  The symbols Pe and Pi
refer

A
to the vapor pressure of extracellular and intracellular water, where

d ln(pe/pi)/dT = Lf/RT2 - [n2vt/(V + n2vt)V]dV/dT        [t]
tre 03

9*ts.-:tem era76 ey n2 i Xmoles of solute, and L  is the latent heat of

fus i on. R-ia.*.laa.gag-ennmi-.A.nt-

Time and temperature are related by the cooling rate, which, if linear,

is given by

dT/.dt= B                                           I31

and finally, L  is related to temperature by the expression

L _ 9 exp[b(T - 91 )]                              [t]P-LPA
where I  is the permeability coefficient to water at a known temperature,

T , and b is its temperature coefficient.

To avoid intracellular freezing, the water content of the cell                    :

given by Eqs. 1-4 must, before reaching the intracellular nucleation

)1.; A..  approact,e J                                                                                      
                                           I

temperature, be·eeeaeed- ,0 the equilibrium water content given   by

ln[V/(V + n2vt)] = (Lf/R) (1/273 - 1/T).                  [2,]                 '
.\

\      The analysi *-was based  on a 'n; ber  of  simplifying assumptions.. Since                        \  \         0     \             1....$..............

thed·both th8·..equation jand a number 6f. the assumptiohs. have been examined
f                         %\

  Man art,(19 5).,\Silva j»'  (19. 4.i Their                       I
refihements  erturb 2he calculate results somewhat, as we shalf'see                 J\ \                   1
s ly,    ®t n.>»,c:'1.'t,- <ter   t:h'..itttitativ:':ign<ance   ..,;: '».\..                                      1
respe«  to tkie ,re sponse of cells during cooling.

The quantitative expressions permit one to calculate the extent of               1

supercooling in cells as a function of cooling rate, provided one knows or
1

1
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can estimate the permeability of the cell to water (L ), the temperature
P

6S
coefficient of permeability (b), the moles of solute in the cell

A

initially, and the ratio of the cell surface to volume.  The calculations

are usually presented as plots of the relative water contents of cells

as a function of temperature.  Two previously published examples are

EYA                                                                                                           3 V
shown in Figure 6.  The extent to which cells cooled at a given rate (F-#)

become supercooled is the extent to which a given curve departs from the

equilibrium curve.  For example, the curves for yeast cells cooled at

100'C/min indicate they become supercooled 15 degrees   when the temperature

has dropped to -160C.

These calculated curves permit one to estimate the probability of

intracellular freezing.  Cells which have dehydrated to equilibrium prior

to reaching their nucleation temperature will have a zero probability of

undergoing intracellular freezing.  Cells which are still supercooled

extensively when cooled to their nucleation temperature will have a 4%-        4  k
probability approaching 1 of undergoing intracellular freezing.  Figure y (F-/)

gives such estimated probabilities for yeast and human red cells, and

compares them with the observed cell survival.  The nucleation temperature

was assumed to be -15'C (see later discussion).  Clearly the drop in

survival at supraoptimal rates coincides closely with an increase in the

probability of intracellular freezing.

Experimental Test of Predicted Intracellular Freezing and of Its Presumed

Relation to Cell Death

The development of the freeze-cleaving technique for electron

J , ve 14 p," ' „,fmicroscopy and the pieen* osm,truetien of an optical microscope incor-

porating precise control of cooling rate (Diller and Cravalho, 1970) have



(.       13.'1 n,<£11»-bc,     i  (,     ds      i  J.s.„li  ft,J      1,»141,£    M-,pont,   9*   6
4-4      -1            1

A,         c        c tea .'.:cd s.u., r -A„,4   4  r /, 4 ; Mt),    0-4  8    6  4    - 47/.     e   A Clh  (+FS       9,1          2' i

L  ;0  09  h.0  1  0  e'l       t'  sf  gc  I  0 4,  d        wfld     ww  ,·0  1  41   E LLt    6d,DS.13
recently permitted an experimental tes'13 of the presumed re'lation between

  the loss in viability and the occurrence of intracellular freezing, and -

have permitted an experimental test of 'the validity of the theoretical

calculations.  Figure <showed that both the loss in viability of yeast

and the rise in the probability of intracellular freezing occur between
1 7

cooling rates  of  100  and  100'C/min. In Figure  &  we see electron microscopic (F-'6)

evidence for intracellular ice in yeast cooled at 55'C/min but no evidence

for  ice in yeast cooled at
6°C/min.f,Close

correspondences between  the
.-- .-- - ...........,.......

cooling rates that produce loss in survival and the cooling rates that
6'

produce intracellular  ice  have  also been observed  in HeLa cells (Figure  , (F-7.)  -)r (F - )          1in  human red cells in glycerol (Figures '@  and N),   and in hamster tissue
(F-AS) j

culture cells  (Bank,  1974; Mazur et al·,  1972) . 9
An especially elegant study on intracellular freezing versus cooling

rate has been carried out recently with unfertilized mouse ova by Leibo,

McGrath and Cravalho (1975) using the special low-temperature microscope

9                                           ,7
developed at MIT.  Figure AQ shows micrographs of ova cooled at 1.2, 2.4, (F-/R)

and  32' C/min. Intracellular freezing occurs   at the latter two rates,   but   not

at 1.2'C/min.  The ovum cooled at 1.2'C/min can be seen to dehydrate markedly
4/0                                                                    1 0

during cooling.  Figure 1< compares the relation between the percentage of (F- )

unfertilized ova observed by Leibo et al· (1975) to undergo intracellular

freezing at various cooling rates with the percentage of 1-cell fertilized

ova that Whittingham et al· (1972) found to survive as a function of cooling

rate.  Again, the correspondence is close.

Table 1 summarizes data on the relation between cooling rate and (T-1)

(1) predicted intracellular freezing, (2) observed intracellular freezing,

and (3) observed cell killing.  The major gaps in the table are for the

calculated critical rates, and this stems chiefly from lack of information

A1, .........,.                                                                                                                                                                                                                                                                                                                                                           W
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on the permeability of cells to water (L ) and its temperature coefficient
P

(b).

The numerical values of the calculated and observed critical cooling

rates for various cells vary over a range of several thousand.  These

differences are due chiefly to differences in L  and b and to differencesP-

in cell volume or surface/volume ratio.  The calculated effects of variations

of these three parameters  on cell water content versus temperature  are                            1
/1 'A. li (F-12).

illustrated in Figures i2,   W    and34. (F-10<4
(F-*4)

In general the correlation between the cooling rates that are predicted      / 

to produce intracellular freezing and those observed to do so, and the

correlation between the cooling rates that produce intracellular ice and

those that produce cell death, are good.  The major discrepancy is for the

human red cell frozen in saline:  The cooling rate calculated to produce

intracellular ice (5900' C/min) agrees well with the cooling rate observed to

produce 50% killing (4500'C/min), but both exceed by about a factor of 6 the

cooling rate observed by Diller (1975) to produce intracellular ice in half

the cells.  This discrepancy makes it desirable to examine more closely the

assumptions underlying the theory, and the possibilities for error in the

experimental measurements.

Further Consideration on the Theoretical Aspects of Intracellular Freezing

Validity of assumptions.  The original analysis ( ) was based on a

number of simplifying assumptions.  Since then both the equations and some

of the assumptiond have been examined by Mansoori (1975), Silvares et al.

(1975), and Pushkar (1976).  The chief assumptions are listed in Table 2.

Most appear to introduce little error.  The parameters which have major

influence on the kinetics of water loss, and which have the highest likelihood

of being in error, are the_permeability-0/-bhe-cell to watcp-f Lp jh and &46
icien'b-fb . The appropriate values at subzero

*==1"./.'ll..
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temperatures are not known, so we are still forced to rely on extrapolation

from  experimental   data at above zero temperatures. Levin  et   al.    (1975)   have

questioned the soundness of the extrapolation on theoretical grounds.  They

have developed a model based on absolute reaction rate
theo: 3''

which indicates

that it is unlikely that a single rate-limiting process dominates water

transport  in red cells as thesmir temperature is lowered. Their model suggests

that Lpl at subzero temperatures will be lower than that predicted by

extrapolation from data obtained above O'C.

Another pos sible source of error   in the ,numerical values   of I.9 could
prod.uffd by

result from the changes in osmolality dep ag freezing.  The original analytical

treatment was proposed  before   Rich  et   al· (1968) reported  that   *  in red cells

decreases with increasing osmolality.  Silvares et al. (1975) have found that

06(+
--

when this Aetep is incorporated   into the kinetic equationt, it produces   an

appreciable lessening of the extent of cell dehydration at a given cooling

rate and leads to a critical cooling velocity for the human red cell that is

about half of the value of 5900'C/min listed in Table 1.  On the other hand,

there is debate on the correctness of Rich et al.'s conclusions. Farmer and
--

Macey   (1970) and Outhred and Conlon   (1973)   find  that  I,0 is independent   of  the

osmolality of the suspending medium, But the latter's work in turn has been

criji  <  Ized                                                                                                                                                                                  '
Gfi**red by Forster (1971  who fully supports the findings   of  Rich  et al.

Another inherent assumption in the theoretical treatments has been that

the system of cells and external medium can be considered two homogeneous               t

compartments separated  by a semipermeable membrane. lieweve  Pushkar  et  al.
--

(1976)   suggest   that theS assumption of homogeneity with respect to chemical

potentials wi.ticiu.-1116-edi can introduce errors in cells like red cells with

very high water permeabilities.  They suggest that the neglect of concentration

gradients and mass transport within the red cell also causes an overestimation
i

t

1
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of the cooling rates required to introduce intracellular ice; however,

they do not indicate the magnitude of the error.

Related to this point is the fact that cells contain many organelles

which themselves are delimited by semipermeable membranes.  It is quite

conceivable, therefore, that diffusional lags can occur in cells and lead

to intracellular freezing within certain organelles  but not within others.J
The existence of such lags can be demonstrated theoretically in systems of

series of membranes.. even those with relatively low
permeabilities.      One                             /4

such simplified example is shown in Figure &< for a system of three (F- )

concentric layers of membrane-delimited elements.  There is microscopic

evidence for differential intracellular freezing within cells, e.g., Nei

(1976).

Despite the lack of information on water permeabilities at subzero

temperatures and despite the underlying simplifying assumptions, the

quantitative analyses seem fundamentally correct and. seem reasonably capable

of quantitatively predicting the extent to which cells will become super-

cooled during cooling.  The next step is to translate the estimates of

supercooling into estimates of the number of cells which will'undergo intra-

cellular freezing.

Estimation of the Probability of Intracellular Freezing

Qualitatively one can state that in order for intracellular freezing

to occur the cell (1) must contain unbound (i.e., freezable) water, (2) that

water must be supercooled, and (3) the temperature must be below that required
)1 15-

for its nucleation. Figure  shows the calculated relation between the

(F -161           
probability of intracellular freezing (P) and the cooling rate for assumed             1

nucleation temperatures

.
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of -5, -7.5, -10, and -15'C.  P has been assigned a value of 0 when the

degree of supercooling (AT) is <2'C or when the fraction of the normal water

content (V/V ) drops below 0.15.  P has been assigned a value of 1 when

AT  >2'  and  V/Vj.  So.15.    This  last assumption about  V/V   has  some  experimental

support, for approximately that fraction of the water in the few cells where

it has been measured is incapable of freezing at any temperature (Wood and

Rosenberg  1957; Souzu et al., 1961).  Fortunately, the predictions as to
--

the cooling rate dependence of the probability of intracellular freezing

are rather insensitive   to the values   of  LT   and V/Vi selected. However,    the

probability of intracellular freezing  c-learly ensitive to .the value

assumed for the nucleation temperature.

Nucleation of Supercooled Intracellular Water

A number of investigators had observed microscopically that, when

precautions are taken to reduce or eliminate extracellular ice, cells undergo

intracellular freezing at lower temperatures than when they are in contact

with extracellular ice.  On the basis of these observations, I made the

suggestion (Mazur, 1965) that intracellular freezing results not from

spontaneous crystallization within the cell but from seeding by extracellular

ice  crystals  that have grown through aqueous channels  in  the cell membrane.

The earlier microscope observations showed tha4 even in the presence of

extracellular ice, intracellular nucleation generally occurred only below

temperatures of -10'C or so, observations that suggested that the membrane

was a barrier to-the passage of ice crystals at temperatures above -10'C,

but ceased to be a barrier at lower temperatures.  The proposed explanation
l

of these barrier properties was that only very small crystals can grow
/1 O n U M„ *i'                                                                                                                                i

through the presumed aage:lzem-sized aqueous channels  in the membrane. Small

crystals have small radii of curvature,
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iCe-

and as is well known crystals with small radii of curvatures melt well belowA
O'C because .of their high surface energies.  Perhaps, then, only below about

-10'C will extracellular crystals of suitably small size be stable enough to

pass through the cell membrane and nucleate the supercooled cytoplasm within.

Additional information on nucleation has accumulated since that time.

Mazur and Miller (1967, 1971) showed that yeast cells and various proteins

are   incapable of nucleating water supercooled   to -20'C. Rasmussen   et   al·
(1975) have gone considerably further.  By preparing emulsions of water

droplets containing yeast cells, they have been able to keep the water unfrozen

to -40'C; and they have shown that, when the surrounding water is kept super-

coolet the yeast cells also remain unfrozen and supercooled  down  to  -40°c.

Leibo et al· (1975) have shown that mouse ova in l M DMSO also freeze intra-
ghc -cellularly only below about -40°c he nucleation temperature appeeieed  14 4 3)

independent of cooling rate over the range of 20 to 30'C/min.

The temperature of -40°c is the homogeneous nucleation temperature for

water (i.e., the temperature at which water freezes in the absence of any

foreign, heterogeneous, nucleating agents) (Toscano et al., 1975).  If the

1 water in yeast and ova behaves like ordinary water, we can conclude that

these cells are freezing by homogeneous nucleation and that they therefore

contain no intracellular heterogeneous nucleating agentf  If intracellular

nucleating agents are absent in these two diverse cell types, there is no

reason to suppose them to be present in other cells.  Accordingly, if one

observes intracellular freezing at temperatures well above -40'C f hi-eh=i-s
thenusual;:case); it seems reasonable to conclude that it was produced by
extracellular nucleating agents,    the most likely of which is, extracellulart
ice itself.
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91
Observations on nucleation temperatures in cells are beginning to

accumulate.  As mentioned, older microscopic observations on cells frozen

in water or dilute salt solutions generally show cell nucleation beti#een

-5' and -15'C when external ice is present.  More recent observations are

in agreement.  Asahina and Emura (1966) report intracellular nucleation of

Ascites cells between -10' and -18'C; McGrath (1975), Luyet and Pribor

(1965), and Gupta (1975  observe it above  -20'C  in HeLa cells and human red

cells; and Sherman (1969) and Leibo (unpublished data, 1976) observe

intracellular nucleation in mouse

11

1

/
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ova at about -10'C when the ova are suspended in buffered saline.  On the
9

other  hand,  as was shown  in the photographs in Figure  Q, Leibo  et al·

(1975) find that in l M DMSO the nucleation of ova does not occur until

about -40'C:  Why the presence of additive produces this dramatic drop
h  v  c    j  f  t,  li    04

in the temperature of-·i:ateaee:1: fter·-Ereefeeti:err remains an intriguing  and
A

significant question.

Regardless of the cause, differences in the nucleation temperature will

cause major differences in the cooling rate required to produce intra-
.....

cellular freezing (Figure    4  .      Leibo   et   al.    (1975) have calculated,    for

example: that, if the nucleation temperature of sea urchin eggs is -40°c,

the critical cooling velocity will be about 1.5'C/mi·n; Mazur (1963) has

calculated that if the nucleation temperature is -10'C the critical velocity

will  be  a few tenths  of a  gree per minute.
)5

As shown in Figure 3*: decreasing the assumed nucleation temperature of

red cells from -15'C to -5'C causes the critical cooling velocity to drop by

a factor of more than 5, from -5000 to <1000'C/min.  Such a drop would

eliminate the discrepancy noted in Table 1 between the cooling rates calculated      I

to produce intracellular  ice and those observed  to  do  so.     On the other  hand                     

it would still not account for the discrepancy between the cooling rate               i

observed to produce intracellular ice and the cooling rate observed to cause           

hemolysis.  One explanation of this latter discrepancy mi ht be that intra-

cellular   ice   is   not the cause of hemolysiso       ut    I believe there are other                                        E.E
more likely explanations.  The intracellular freezing data and the survival          r

data were obtained in different laboratories using sample containers with

very different geometries.  There is some indication that, these sorts of             i

differences may influence the relation between cooling rate and observed ice

exo'*Fi.5
formation, or estimates of the cooling rates required for                           EF

A
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intracellular ice formation that are derived from electron microscopy of

freeze-substituted or freeze-cleaved red cells are generally above the

850'C/min reported by Diller (1975), namely, values  of  1000  to 10, 000'C/min
(Rapatz et al·, 1963; Mazur, 1966; Nei, 1976).

Another possible explanation of the discrepancy has to do with warming

rate.  There is growing evidence that rapid warming can "rescue" cells that

contain intracellular ice.  It apparently does so by reducing or preventing

the  recrystallization of intracellular  ice.

The Contribution of Recrystallization to Injury from Intracellular Freezing

Ice crystals in rapidly cooled cells are small because crystal size

is inversely related to cooling rate (Van Venrooi j eli al·, 1975; Karrow and

Shlafer, 1975).  Small crystals, however, have higher surface energies than

9row orlarge crystals,   and  as a consequence  they will agglomerate if warming   isAr*,6 76)  0 6 66,«r              A
slow enough to permit sufficient time (Mazur, 1966).  The agglomeration can

A
be lethal.  On the other hand, crystal growth does not occur if warming is

sufficiently rapid because there is insufficient time for growth to occur

before the melting point is reached.  (Slow freezing also produces large

crystals;  but  in  that  case the crystals are located outside  the  cell  and,

hence, are innocuous.)

The lethality of recrystallization has been demonstrated most clearly

in yeast and higher plant cells.  Yeast cooled at rates far above optimal

will survive if warmed very rapidly, but they do not suivive if warmed

slowly (Mazur arrd Schmidt,  1968;  Moor, 1964; Anderson et al ., 1966; MacKenzie,
46          --              16

1970).  The bottom half of Figure 17 shows the results of warming the cells (F·»U

slowly to various subzero temperatures and then completing the warming and

 '<-,'· -·'-·'·-4,·" ·  0
- ...

.;   .F'   4.
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thawing rapidly.  Survival begins to drop when slow warming is allowed to

progress above -40'C.  The upper panel of the figure shows that it is also

above -40'C when one first begins to observe the recrystallization of the

intracellular ice that formed during rapid cooling.

Plant cells behave similarly.  Sakai and Otsuka (1967) made an electron

microscopic examination of mulberry parenchymal cells cooled at various

rates and freeze-substituted, and demonstrated the presence of intracellular

ice crystals when the cooling rates exceeded 10'C/min.  (Mohr and Stein

(1968) have reported a similar value for intracellular ice formation in

tomato parenchyma.)  Samples cooled very rapidly to -60'C or below showed

no visible intracellular ice and were 100 percent viable after rapid warming.

But intracellular ice was present, for when similar samples were warmed from

-600 to -30'C for 10 min they showed evidence of large intracellular ice

crystals.  Parallel samples thawed from -30'C contained no viable cells.

The "Rescue" by Rapid Warming of Cells Containing Intracellu ar Ice

The rescue by rapid warming of cells that contain intracellular ice

is not restricted to yeast and mulberry cells.

\

1
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6                     17A' 0 1,
Figure  61 shows that the optimum cooling rate for hamster cells

shifts to higher values as the warming rate is increased.  Bank (1974)

reports on the basis of freeze cleaving studies that intracellular freezing

in this strain of cells occurs  at a cooling  rate  of ==  50'C/min.    This  is

close   to the b·ptimum for cells warmed   at   27'C/min, but below the optimum  for

cells warmed at 5O0VC/min.  Apparently, then, warming at 500'C/min reduced

recrystallization sufficiently to permit the survival of the majority of

cells even when they were frozen at S 100'C/min and presumably contained

intracellular ice.  Asahina and his colleagues (1966, 1968, 1970) have given

other examples of the phenomenon of rescue in ascites cells.

Although direct microscopic evidence for a correlation between death

and recrystallization during slow warming is available for only a few cells,

there is considerable evidence that, when cells are cooled at supraoptimal

rates, survivals improve dramatically with increasing warming rates.  This is       
I  E-                  ..l 1                                                         -                                                                                                                                                                     (F -19)shown in Figures )9 and 2Q for yeast and hummn red cells.    Note  that in

(Fj)
these two cases survivals are relatively high and much less influenced by /9

warming rate when the cells have been cooled at rates somewhat below optimum.          1

This of course is consistent with the view that such cells contain little if           F

any intracellular ice.  Quite comparable results have been reported for                2

mulberry cells by Sakai and Yoshida (1967).

Returning to human red cells, then, it may be that there is no true

inconsistency between Diller's observation that intracellular freezing occurs

at 850'C/min and-Rapatz et al·'s (1968). observation that the drop in survival

occurs at cooling rates above 3000'C/min.  The cells cooled at rates of

800' to 3000'C/min may have been rescued by the rapid warming that Rapatz

employed.
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Interestingly, the discrepancy between the rates producing a drop in

survival and those producing visible intracellular ice is much less evident

in cells frozen in 1.5 M or 2 M glycerol (Figures 8, 9; Table 1) than in

cells frozen in saline.  But even in glycerol a comparison of Figures 8

(rapid warming) and 9 (slow warming) shows that rapid warming permits cells

to survive higher cooling rates and supports the suggestion  that it "rescues"

some intracellularly frozen cells.

The mention of glycerol introduces the question of what, if any, is

the influence of protective additives in intracellular freezing?

The Influence of Protective Additives in Intracellular Freezing

The main conclusion   is that "protective" addit ives like glycerol   and

dimethyl sulfoxide do not in fact protect against intracellular freezing -- they

protect only against slow-freezing injury.  Their inability to protect rapidly
PO zi (Ft . cooled cells is illustrated in Figures 24 and Pf which show that the intro-

('.91 )   I
duction of increasing concentrations of glycerol shifts the optimum cooling

rate to lower values.  The presumption is that, rather than protecting cells
10

from intracellular freezing, glycerol either is without effect (Figure )31)

or it makes the cells susceptible to intracellular freezing at even lower

41                          20rates (Figure         ) . One interpretation of Figure 'R  is shown schematically
9/ 9-4.

in Figure 723<    Increasing concentrations  of glycerol are assumed to decrease (F.:27

the   sensitivity to slow-freezing injury ("solution effects"),   i.e.,   they

shift the curves to the left -- but they are assumed to have no effect on the

sensitivity of the cells to intracellular freezing.

The. suggestion that Figure  4  represents  a  case in which the presence

of additive makes the cells susceptible to intracellular freezing at even             i
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lower cooling rates has been directly confirmed recently by Diller and

colleagues (1975).  They find that in the absence of glycerol intracellular

freezing in human red cells occurs at cooling rates between 840' and 850'C/min,

but   in the presence   of  1.5 M glycerol (see Figure    it occurs between  200'

and 800'C/min.  A similar downshift in the optimum cooling rate for lymphocytes

with increasing concentration of DMSO has just been reported by Thorpe et al.--

(1976).

What could account for it?  One possibility is that additives, perhaps

simply by virtue of their viscosity, decrease the rate at which water can

leave the cell during cooling.  The slower the exosmosis of water, the slower

must be the cooling to avoid intracellular freezing.  On the other hand, if

additives depress the nucleation temperature of cells, as suggested by the

findings of Leibo et al. (1975) for mouse ova, one would expect a higher
--

permissible cooling rate.  This paradox remains to be resolved.                         ·

5

'Influence of Supercooling of the Extracellular Medium on the Critical Cooling           f

Rate                                                                                      
-

[

1
The theory discussed above assumes that the cells and surrounding medium           i

!

1

are at their true freezing point prior to the calculation of the effects of

subsequent cooling.  This is equivalent to saying that the .ice and water in              

the external medium and the water in the cells all have the same chemical
1

potential at time zero.  The fact that in practice the medium initially supercools      :

causes no serious problem  in the theoretical analysis. There  is no difference                     ,  
in the chemical pptential of water (4-iw) across the cell membrane as long as

both extra- and intracellular water are supercooled.  When the external water

finally  begins to freeze, a transient Ltiw is established across the membrane,           ,;
, 1
- '

but the gradient quickly vanishes as the released latent hdat of fusion causes         52

the temperature of both cells and medium to rebound quickly to near the true
Efreezing point.                                                                         2
1
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The amounts of water in the cell after the rebound and the chemical potentials

of water in the cell and the medium are about the same as they would have been

in the absence of supercooling.

Although this sort of supercooling introduces no serious conceptual

problem, it can cause injury in cases where samples are immersed in a fluid

bath that is progressively cooling.  During the time the sample temperature

has rebounded and is at its freezing plateau, the bath temperature continues

to drop.  Hence by the time the plateau is essentially completed, the now greater

temperature differential between the sample and the bath causes the sample to

cool rather rapidly back to the bath temperature.  In some cases the cooling

rate can be high enough to cause lethality, presumably as a result of the

formation of intracellular ice (Mazur and Schmidt, 1968).

Diller (1975), however, has described another type of supercooling which

can only be produced under highly specialized conditions in which heat can

be withdrawn from the sample quickly enough to prevent thermal rebound when

the external medium nucleates.  Such conditions are met in the MIT-type micro-

scope.  The result with that instrument is that a system of supercooled cells

in supercooled medium at, say, -10'C, where Au  = 0, is nearly instantly

transformed isothermally into a system consisting of fully supercooled cells

in frozen
medium at -10 , wi;

a system in which Auw becomes the difference

between the chemical potentials of ice and supercooled water at -10'C.

Diller (1975) has shown that this special type of supercooling produces

a major decrease in the cooling rates observed to produce intracellular ice

in human red cells; i.e., with supercoolings of 0, -5, and -12'C, the critical

cooling rates are 845, 800, and 11'C/min.  I would suggest.. however, that

the phenomenon fundamentally has little to do with cooling rate per se.  It
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has more to do with how close the cell is to its intracellular nucleation

temperature at the instant the isothermal freezing of the external medium occurs.

As the fall in temperature resumes, the fate of the cell will depend on whether

it can dehydrate to equilibrium before reaching its nucleation temperature or

whether it reaches its nucleation temperature before it has fully dehydrated.

The lower the temperature of the "isothermal" tra sition, the less time would
  f  &1  f  4.t"a. r £be required for cells to cool to their
nucleatioI (which is > -20'C for red

cells) and the slower would have to be the cooling to permit dehydration before

that point, and thereby avoid intracellular ice formation.  In fact, one might

predict that if the "isothermal" transition were effected below the cell

nucleation temperature, intracellular freezing will occur even if the cooling

rate is zero or even if the sample actually warms.  The following data support

this view.  When yeast cells are immersed in a bath at -15'C, 97% survive when

the system remains supercooled; but only 27% survive when the external medium

freezes at -15'C, even though the freezing in this case causes an immediate

temperature rebound to near O'C (Mazur, 1961).  On the other hand, if super-

cooling is kept to a minimum by seeding near O'C and the yeast are cooled slowly

enough to -15'C to preclude intracellular ice, some 80% survive (Mazur and Schmidt,

1968).

Conclusions on Intracellular Ice as the Cause of Injury in Rapidly Cooled Cells

In summary, although only a few cell types have been studied in detail, it

seems increasingly certain that death in cells cooled at supraoptimal rates is

the result of the fprmation of intracellular ice crystals during cooling and

their growth by recrystallization during warming.  The conclusion is no different

than that reached over a decade ago (Mazur, 1963, 1965).  What is. different is

that it is now supported by quantitative experimental data.

...VI...I-/p   ...    . . . ' . . .  .    . .     .   I -i
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To state that the killing of rapidly cooled cells is due to intra-

cellular ice is not the same as stating that intracellular ice formation

is invariably lethal. I have already given several examples where it is

not lethal (e.g., Figure 18).  Others have been reported by Asahina and his

colleagues (Asahina et al·, 1968, 1970; Shimada and Asahina, 1975) by Sakai

(1971),  and Sherman and Kim  (1967).

Two-Step Cooling

Luyet and Keane (1955), Taylor (1960), and Sakai (1960, 1965) noted

that a variety of cells would survive rapid freezing to -70' or below if the

rapid freezing were carried out in two steps separated by a brief holding

period at an intermediate temperature.  The cells included bull sperm, chick

skin, and plant parenchyma.  The two-step freezing of mammalian cells (chiefly

hamster cells and lymphocytes) has now been investigated in considerable detail

by Farrant and his colleagues (Farrant et al·, ·1974; Walter eli al·, 1975;
McGann and Farrant, 1976; Farrant, 1976).  The intermediate holding temperature

is critical. As-ehewn lu Flaul= 24,  eath results if the temperature is too

i high or too low.

Sakai seems to have been the first to propose a partial explanation of

the phenomenon.  He suggested that the initial cooling to -30'C, for example,

in conjunction with the brief holding period provides sufficient time to permit         i

the cells to equilibrate by dehydration and extracellular freezing rather than

by intracellular freezing; and he proposed that -30'C is sufficiently low for           :

nearly all freezable water to be removed from the cells by exosmosis.  As

a result, no intracellular freezing can occur

\

-

1
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during the subsequent rapid cool to -196°C.  There are indications, however,

that the cooling rate in the first cooling step may often be above the value

that would have been required to produce intracellular ice if cooling had

been carried to still lower temperatures (Walter et al ·, 1976; Farrant, 1976).

The other requirement for success, therefore, may be that the intermediate

holding temperature be above the intracellular nucleation temperature.

23 23
According to this view, depicted schematically in Figure'34, most of the (Fhf)

dehydration 6f the cell would occur during the holding period at the inter-

mediate temperature.  If that period were long enough, the cells would have

lost all freezable water prior to the second rapid cool to < -70'C.  Walters

et al. (1975) and Farrant (1976) have electron microscope evidence on freeze-
--

substituted cells which directly supports this view.

Mechani Em of   Injury from Intracellular    Ice

The demonstration that when death occurs it is due to intracellular ice           f

says nothing about the mechanism by which intracellular ice injures.  Although

it   is generally agreed   that   inj ury from extracellular   ice   is   not a result   of
i.

direct physical effects of the ice on cells, I have suggested that injury from
2

intracellular ice and its growth by recrystallization is a direct physical             '

consequence of the ice, and have suggested that the effect is on intracellular

membranes (Mazur, 1965, 1966).  These suggestions remain speculative.  Farrant

et al· (1976) have recently proposed an alternative speculation, namely, that

injury'from intracellular ice results from osmotic events, especially when             j

1

water appears during thawing.  Assessment of this view will have to await its          i

being formulated in terms permitting quantitative analysis or experimental

.

test.                                                      '

1

.,

/i 11
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Whatever its cause, injury from intracellular freezing can be

eliminated by the simple expedient of cooling cells slowly enough to

eliminate the formation of internal ice in the first place.  The problem

is that cooling rates that are slow enough to eliminate intracellular ice

may also be slow enough to injure cells by events that have nothing to do with

the location of the ice -- events associated with the major alterations in

extra- and intracellular solutions produced by the removal of liquid water

during freezing, and which, therefore,   have been termed· "solution effects".

Understanding the nature of these solution effects and their role in freezing

injury now represents the major challenge in modern cryobiology.



FOOTNOTE

*
This point of view is somewhat at odds with that proposed recently

by   Toscano   et   al ·    (1975) · They argue on theoretical grounds   that   in   red

cells cooled at rates of less than 10,000'C/min intracellular homogeneous

nucleation would be expected to occur at about -60°C, not -40°C.  If the nucleation

occurs heterogeneously, their calculations indicate nucleation temperatures

ranging from -50' to -3'C depending on the contact angle between the catalyst

i and water, the radius of the catalyst, and the cooling rate.  Only the third

is known.  They suggest, further, that intracellular proteins (e.g., hemoglobin)

could be the intracellular nucleating agents.

A number of camments are in order:

1.  They indicate that the cause of the 20' discrepancy between the

homogeneous nucleation temperature of red cells and that of pure water is

due   "to the fonnation  of a solid eutectic solution"   [in the cells ?], below

++ ++
-21'C.  But, first, cytoplasm contains solutes like Ca and Mg which would

be expected to suppress the eutectic points considerably.  Indeed Sussman and

Chin (1966) and Wikefeldt (1971) have shown by NMR that liquid water is present

in muscle and blood down to -70'C.  Second, it is not clear why the presence

of a eutectic mixture would reduce the homogeneous nucleation temperature,

since a eutectic by definition contains ice.  Third, their arguments ought

not to apply to yeast and mouse ova, since the cells in both cases underwent

little   or no del· rdration   at the temperature   ( -40'C) at which intracellular

freezing was observed.

\

1
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2.  They propose that heterogeneous nucleation at -3' to -50'C could

be initiated by either intracellular protein or extracellular ice.  But as

already pointed out, neither whole cells nor selected soluble proteins can

nucleate supercooled water above -20'C, and apparently not above -40°c.

Hence, it continues to appear more likely that the nucleating agent is extra-

cellular   ice  per   se · My suggestion  that the ability of membranes to block
such nucleation above about -10'C is due to the small radius of curvature

of water filled channels remains just that -- a suggestion.  However, Banin

and Anderson (1975) have shown that the equation assumed to control ice

crystal growth through small pores in membranes is nearly identical to the

equation experimentally demonstrated to control the thickness of the unfrozen

water layer at various subzero temperatures on a variety of powdered minerals..

\
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Table 1

1   Calculated and Observed Effects of Cooling Rates on Intracellular

Freezing and on Cell Survival
i

i

z                                          Cooling Rates ('C/min) Yielding:
·1                      -

··                                               50% Intracellular Freezing 50% Survival*

Cell Type Additive (Calculated) (Observed) (Observed) References

1-Cell mouse 1  M  DMSO                           - 2.2 1.2 Whittingham et al. (  )

ova
Leibo    et    al·     (         )

Yeast None                 30 6-55 '20 Mazur (  )

Bank and Mazur (  )

1 HeLa
None                 -                    55             70          McGrath et al. (  )--

Hamster 1.25  M  Glyc.                          -                                                   x 55 -60 Bank (  )
7,5 SAU.  #          'C

Mazur (  )

Human RBC None 5,900 845 4,500 Diller (  )

Rapatz et al. (  )--

(
1.5 to 2 M           - 400 500 Diller et al. (  )--

Glyc. Miller and Mazur (  )

Rapatz et .al . (  )

*                                                                                                                                                                                                                                                                      U.1

50% of maximum at optimum rate. U,1

3...Lld#i:Egbik-%02*6 Etiia=Biliatalf<Mikah:,A:id41;682*Sal#*AR=moN=*,=,54,r,*8 9 o-
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Table 2

Assumptions Underlying Analysis of Kinetics of Water Loss

during Freezing

Likely Magnitude
1

Assumptions un Original Analysis ( ) of Error Introduced Reference

1. Intracellular and extracellular Small Mazur (  ); Mansoori (  );

solutions are ideal (obey Raoults
Silvares et &1· (  )

Law)

2. Ice and extracellular solution Negligible Mazur (  )

remain in equilibrium

3. L is constant Negligible Mazur  ( ) ; Silvares  et  al  (    )f
4. s constant Small Mazur  ( ) ; Mazur et  81.   (1974)

5. Values of Lp and b can be extrapo- Major Mazur  ( ) ; Silvares  et al·  (    ) -
Lp  v   ZA    ·ft   (21   .                                                                      '

lated to subzero temperatures                                                                  '

6. All mass transfer is due to water Small Mazur    ( ) ; Mazur   et   al·     (1974)

(i.e., reflection coeff.,  . 1)
7. Cell and medium are in thermal Negligible Mazur (  ); Mansoori (  )

equilibrium

8. Constancy of A*         - Small Mazur (  ); Mansoori (  )

9. LB is independent of osmolality Moderate Silvares eli .al·  (   )

10. Lack of intracellular gradients of Small to Pushkar (  )
/\
UW Moderate

*
Mansoori   (1975) has questioned the epli.g. 18-2 assumption  that   the cell surface area remains

constant during osmotic shrinkage; however, allowing  A  to  vary  as  the 2/3 power of volume
has relatively little effect on the overall calculated kinetics of water loss.  Further-

-'

3,   the little evidence. available favors  the formep assumption of constant  area.     This

1 1-:=--:./.-' I. - -------.....    ...   -- --- ---                                                                                             - -                                                         --0
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;umption implies that a membrane will develop folds or pleats during osmotic shrinkage.

pertinent to this view is a recent study by Knutton et al (1976) on cultured mammalian

cells which shows that isotonic lei*Mee cells contain folds in the form of microvilli,

and that these microvilli disappear when the cells swell in hyposmotic media.  Their

calculations indicate that the surface area of the microvilli is sufficient to account

for the observed increase in cell volume without any increase in overall surface area.

\
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FIGURE LEGENDS

iwing No.

Figure 1.  Survival of frozen-thawed mouse marrow stem cells (A),

22126-1 yeast (B), and human red cells (C) as a function of the cooling rate.
25430
31745 The cells were suspended in water (yeast) or solutions of glycerol in

saline (stem cells and red cells), frozen at controlled rates to '..P

-75'C, transferred to liquid nitrogen (-196'C), and thawed rapidly at

500 to 1,000'C/min. Curves   A,    B,    and   C are redrawn from Leibo  et   al ·

(1970), Mazur and Schmidt (1968), and Miller and Mazur (1976).

31731
/1-i -2:: :e,  .,E.11::'Mlr::hLaetce , ': :5,-cti,on of the cooling rate

6
28737-1 Figure 3<  Schematic of physical events in cells during freezing.

ir-
?

Figure 4.  Calculated fraction of intracellular water remaining in

(A) yeast cells and (B) human red cells as they cool to various temperatures

at the .indicated rates. From Mazur  (1970) .

\4
Figure 5<  Effect of cooling rate on the survival and on the calculated

4

31736 probability of intracellular freezing in yeast and human red cells.  The
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survival data for yeast and red cells are from Mazur and Schmidt (1968)

and Rapatz eli 31· (1968), respectively.

5%
Figure S.  Appearance of freeze-cleaved yeast cells after freezing

31743 to  -196°C at 6°/min  or 55'C/min. These cells were suspended in water.

The cell labelled "standard freeze cleave" was suspended  in  20%   (w/v)

glycerol and frozen at - 75,000'C/min.  From Bank and Mazur (1973).

6F
Figure '5. Survival and intracellular freezing of HeLa cells as a

function of the cooling rate to -20'C.  Redrawn from data of McGrath et al.--

(1975)·

7%Figure 1 . Effect of cooling rate on survival and on observed

intracellular ice formation in glycerolated human red cells.  Warming

was rapid in the survival experiments.  The data on survival are for                i

cells equilibrated with 2 M glycerol and are from Rapatz et al. (1968),
--

0, and from Miller and Mazur (1976), e; the data on intracellular ice

formation were for cells in 1.5 M glycerol and are from Diller et al.
--

(1975)·

Sy<
Figure h.   As in Figure 10, but warming was slow (loC/min). Survival

31738 data are from Miller and Mazur (1976).

9,4
Figure 12'. Intracellular freezing in mouse ova in 1 M DMSO versus

cooling rate.  Photomicrographs from Leibo et al. (1975) and Leibo (1976).
--

/8'Yi
Figure 11 Effect of cooling rate on the survival of mouse ova and

on the fraction  of ova undergoing ·intracellular freezing. Survival  data

              are from Whittingham et al. (1972).  Intracellular freezing data are from--

Leibo et al. (1975) and Leibo (1976).--
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//X
Figure 1:4.  Calculated percentage of cell water remaining in a 6 um

diameter spherical cell as a function of temperature ·and of the permeability

coefficient for water.  The calculation assumed a cooling rate of 100'C/min

and a temperature coefficient 2 of 0.0325 (Qlo = 1.4).  From Mazur (1965).

) 2-4Figure §5. Calculated percentage  of cell water remaining  in  a  6  Lan

diameter spherical cell as a function of temperature and the temperature
CH O, c b z O.1 In 0,01

coefficient  (Q   )  of the water
per·meability  (L )  

The calculation assumed                   '
10

9
a cooling rate of 100'C/min and a value of Lp = 0.15.  E is the activation   ·         4

energy for permeation.  From Mazur (1965).

) 3,4
Figure 14. Calculated probability of intracellular freezing in spherical

cells of the indicated diameter.  The ptobability is related to the extent

to which the cell interior becomes supercooled relative to external ice

during cooling.  The parameters involved in the calculations are the

osmolality  of the isotonic   cell   Qi), the permeability  of  the  cell to water   '

at a given temperature (Lpg), the temperature coefficient (b) of 4.  The

curves for the three smaller diameters are for hypothetical cells, where M="

L i:3                                                                                                                                                                                                       4
0.5, kg = 0.1, and b = 0.0325. The curve for the largest cell is based

on published values  for  the  eggs  of  the sea urchin S3.Ion    locentrotus:It
LP:M = 0.98, Zpg = 0.38, b = 0.065. Details on these parameters and on the

underlying theory and equations are given by Mazur (1963).

) 4.tFigure k. Calculated percentages of intracellular water remaining at                  

the indicated tamperatures in the three layers of a three-layered sphere

surrounded by ice.  The curves labeled a, 0, and y refer to the outer, middle,

 
and center layer, respectively,   ph layer being 6 g thick. The cooling rate

is 10'C per min.  The values of Dpg and b are 0.3 and 0.065, respectively.
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The intracellular osmolality is assumed to be 0.3.  From Mazur (1966).

45-Figure 16.  Probability of intracellular freezing in human red cells

as functions of the assumed nucleation temperature of the cell and of the

cooling rate.

l(
Figure  7.  Effect of slow warming to various temperatures on survival

and on the recrystallization of intracellular ice in rapidly frozen yeast.

The yeast were rapidly frozen to -196°C.  In the survival studies (Mackenzie,

1970), the cells were warmed slowly to the indicated temperatures and then

thawed rapidly.  In the recrystallization studies (Bank, 1973), the cells were

warmed slowly to -50', -35', and -20'C, held 24 hr, 30 min, and 5 min, respec-

tively, recooled to < -100'C and freeze cleaved.

17
Figure    . Interactions of cooling  rate and warming  rate  on the survival

of frozen-thawed Chinese hamster tissue culture cells.  The cells were suspended

in 0.5 M DMSO, frozen to -196'C, and warmed at the rates indicated.  From Mazur

et   ai.     (1969).

U.
Figure 19.  Survival of slowly cooled (upper curve) and rapidly cooled

(lower curve) yeast. cells as a function of the warming rate. The cells were

suspended in water and cooled to -196°C prior to warming.  From data of Mazur

and Schmidt (1968).

421
Figure 20.  Survival of frozen red cells as a function of warming rate.\

The cells were equilibrated in 2 M glycerol, frozen to -70'C at the indicated

rates, transferred to -196'C, and warmed.  From Miller and Mazur (1976).

.20      -
Figure 2.j. Survival of mouse marrow stem cells suspended in Tyrode' s

solution containing 0, 0.4, 0.8, or 1.25 M glycerol after cooling to -1966C

at various rates and rapid warming. Redrawn from Leibo et·al.  (1970) .--

24
Figure '22.     Survival of human red cells  in  0,  0.8,   and  1.1 M glycerol

as a function of cooling rate.  Calculated by Leibo (1976) from data of

Rapatz and Luyet (1968).
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9 4 \:
-4«.JiFigure 24.  Hypothetical relation between survival, cooling velocity,

and additive concentration   on the basis   of   two inj urious factors .      A.

Separate contributions of intracellular ice formation (curve AB) and

solution effects (curves CD) to injury.  The three CD curves show the

hypothetical effects of three different concentrations of a protective

additive. B. Calculated survival as a result of the contribution of

both intracellular freezing and solution effects. From Mazur   et   al ·    (1970) 0

24
 

Figure 29.  Effect of the intermediate temperature on the survival                I

<     of
bull. sperm subjected to two-step cooling  to  -196°c. The sperm,

<     suspended in 7% glycerol, was placed in baths at the indicated temperatures,

held five minutes, and then transferred to liquid nitrogen.  Courtesy of

L_ s. P Leibo   from  data of Luyet and Keane    (1955 ) .

ESK
Figure 26.  Comparison between events occurring during progressive

cooling and those occurring during two-step freezing.

\
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41
*3

",

.*

. I

0

60 -

m                  50 -

1-I.

0 -0

2 o
>
>
CE

m                U)    30 -.                                                                                                                                 0

t85Ii0*                   203
9:

 
10-1j

'*
3/

/4                                                                                                                                                                                                                                       -

0                                  0 -'                                                                                                                   i

*'                      0.1                               1.0                             10                             100                           1000   0-rt

3                                        COOLING RATE (°C/min)I                               b.
4                                                                                                                                             4  ,
0                                                                     1
14
....

':m

3
.... 



. .:, Aff . h)6
-

<dilipo.

=13 :I.2

69 -
--L ./O

                . <376 (&A
 25430 «t,

#r  Nk '     r
'E/'367

60

'40 0 01«7
i                                                                         1110                  008 20-

0                                    -%e   e   j.10-1 1 10 162 103 164
COOLING VELOCITY

fIGWRE=Te Survival of yeast cells suspended in distilled water as a function of

cool ing rate .

Fo# k.



>A.
100

HUMAN RED CELLS EQUIUBRATED IN 2 /W GLYCEROL

6

a a
80

2 60

i
\

> a
5 40 550
CO

20

00.1 4 tb 180 1,000 10,000 u  3
5.ts, 

COOLING  RATE  (°C / min)
32 -4

e. \            (11

.*



3

SURVIVAL IN HeLa CELLS"
30 » /

R 20               0
1

%.*li

-1
<1>
5 0
5 10
CO 0

.0
\

0                              0
1                                                                       1                                                                      1                                                                      1

0.1                 1                  10 100 1,000
.. 13

COOLING RATE (°C/min) 43 <-D

*REDRAWN FROM MCGRATH ET AL., CRYOBIOLOGY 12, 540 (1975). 3 ce.3
....



'                                                                                                                             A U  W  J  6.     5

t.                                                                                                                                                             
                                                                40

2 4%   56.0041-

44.21YA
24  vi:

. t
t./.      S

'  1.1..                                                          C./ 0
.

e -

-.

.

1:*

.I „  tal».i •.,11..Liqu,MA:61 4:'  .  : .>.....:'.:. . ........  .'.-   . I. ...'- '-4.-' ' NAL-<  ..1
4.... : 321

- ':2.2

MOUSE MARROW STEM CELLS FROZEN IN PwP OR Sua?OSE
i -   i               50 -                                                                                                         -                                                    ': <ird

-9*3

.:   -         40-            ..%       //,// . .   \\\        .:

. ':f,Ii.:76:. ;

g.,1-      f 30.
R ..9.
I ....
.: :,1*.:

UJ';<:J 8 , »i

M iwir.          520 -                        2/liii.                                                                                                              
                                                                            I  ·4.t

..1 -$':

..-.                                                                                    r *.0:73. //-......... 7 2.3.
:.ist 2 '0-

f.95; i ./-1.5% pvF ...-4-
. ./i:

X.... ·               o d,        '                 '   ' io                              'do       '          'doo     '          '    'obdo         ·'        ... 5: .i;
COOLA<  RATE ('C/,runt

28':.                                                                                                                                                                                                                                                                                          .g

:-7  -.-, Ir .4-: .,4..r ,.,-:12;'.:€'. .:'91'.....;'., .. . .., .   -      -:

tlito =«,«=
'P'.9:............ s.......p.·   :.1 .......,4--5
A':    ....

'   .i·   '- I  ..'-I. -. ... 1-A- -6-- ..  -  .-....'-       ''

.#I- .s™. .»..,-«»91.-2:-ni:4.1,K-*.tz:'.*-a-1...2-:I,-*I-Ki.':"-+*abi-

,

0

--



1

1 70
· '-· ·      ··. ··:

-4

650 "C/min  J                   i
.

1 0.5 /W DMSO:. 2.- .1- ! 60 / 1-01..

-0 508'-                                                             9-
,%80      29 «C/minJ 40-                  0 . .</ 0 0 00

* 0
& i

  30
0                                                                      00

\                                                              00                                          0.32. ..Ei    I                              I01\                     '=    0        /1- N00
D
u 20 ---3--9 71- - -                                   \

W. *Ae„. .46.0 00 0
-0 \i \

10                                  1°C/min B
4                                                                                    IX

1                            " ""i 8           0        6     lillil
....

1 10 100 ZOOO
COOLING RATE (°C/min)

1 4 91 4
09

81 *
1

4                                  1.-.



1                                                                         ir 0557-,/   -

PHYSICAL EVENTS IN CELLS DURING FREEZING

<-10 ° C

<220

- 2 OC -5 =.   0,2.0
SLOW

.  0 . 00 0.../
COOL

..I

RAPID 0 60808 0 COOL 0.0
1, .1 VERY

RAPID
COOLle -14/

0  C.)        0
6523    9-13

0                                0                                      W        -C.       -><
O e V»I-- 7&'

r *eGS#
2-/) 9

7...



4                                                              . Lf                                                               LY
.221 -2 3377

YEAST                           · B      HUMAN RED CELL 3'A x 9
505<hu,197

St,
1                         1                    2%1

LOOO°/min1                                                                                                               1

1                           5                                                               1

1                                                                                               -1

1     -1                  "8  1
100°/min                               I

2 1
  0.6  i                                -1

10°/minW i
22                                        1

1                       3         1                                           1A                                                                 1 - -1°/mind  0.4 - -i> 1
\            C

1                                                                                               _              9              9

W /    IEEE
j                                        2            Eq.                                                                                                                     00

-\§ 00 00tir.     i                _i 0.2- \9 0- 0f-         '0 0Eq.  \ \
-

1

0 1 1'l i l l IIIIII
0 -4 -8  -12 -16 -20 -24 -28 -4 -8 -12 -16 -20 -24

TEMPERATURE (°C)

3-14.1
C_D

4         %\
.:

1

1



fi

1

<        80
i YEAST HUMAN
K.

RBC
tF                                                                               074         60-M                                                                                                                            r-      -                    0         '  1

0/ i
CD3     liz

- / 0 1 LLN
-                   '                                                                             OLLI0 i l         LLI3 40-
-       /     1 KLL
>                                                                    O01              /          1  JOCD            0                                                                       00<1
00                                                                                                              1          < _1

1. 0021IP         /           oj01-1
/                                                  0_LLI

1 CD/ 0         1   14
/                                                                                           l o                   lorJ     .00               A

00.1
r-  1     9 0 9-1 0&
1             10 100 1,000 10,000

1                                COOLING RATE (°C/min) -. F-
1

--i

i                                                                                                                                                                                 0, MAZURAND SCHMIDT, CRYOBIOLOGY    1-17 (1968);

0, RAPATZ ET AL., CRYOBIOLOGY 6 18 (1968). .-/

\,j -€SP
1 U
· C. .tJ



i-  :T ;

1-'' A.A. \, :                              d.  
3)741

-\

STANDARD FREEZE-CLEAVAGE
 tw'„'.f"rv77,;9: S  3=r-0';,r,4*"F;3rT-8%T --™-=M.:771/r'%8277.<Tr9
t..Ii ..2. . 7-- f:   -:   .." .41.- 4-:'"   -  ;  .   . ":·-ie-  i i  -      -
Er.k-. . ' . . - ..:.  .-.2 -I/,2 < ---'.CZ: )--- - . ,  . . 'si  / i    -     't.

. 1.- ., -.34
1,-i,j:..xif j·6_tie ,.l!t:/:r :,  :Al: : 1.' .:'·'·3  IL -  ..,-·t-,g. . : . .9 1:i

k.3;LA .,,-, 0,-fc'.LI...27 . 5.'•.' 3. ·· f. '5 6   .''...  6-,/  . '..1-.ir 'i        ·lf   ·2F., -/1/
e.   .     ' t' P     r U  .  ,  1  7 .   .'  ...'. ...,  r. . .  ".       -

. . .

45    .  -9 6.-31  i -     ..-T       :,  I       ·      .
.. ./

**-S:rl.....fri r-fs;: 44  A 9 #1,3-  ''.,    ac-- 3---   .4     - -  - :-,2','t
r...   .:,1 1  - =::,1-1 ·foi,-2..2:LATI .:-3-, ,#LS.I.-:i-Ill.--.Slfirl'.1 :......... .13'i,              1t.        '''....1  Ek.   >/

3  ·b.  - -r                     

i

......,·. 3...N'.t.:*4-E ....=    . .1' .v  -    IN   . - ... --    .--..

t., .',111_,-z:216#il; *2.2 LI.'..Ard,  ..». _a.3-1-_»..»,l                    I
M I ·F==3= i. --                         -      - -1,22 ..,1 .. i %-1-  B -   --   :4 - I.   -.. ---- *- ....1,  -F' fr.

'aa '.4. rm   ..:

P    ' tiG .. -rip *0"1   1 4   -.

1/*. ....

62')))7:Efgh:-·· --:'                                   .    /7:8     1-    ,          '  Ctf.4.  .   ,

F#»,  51,4'·;I Bft=,:,t..461(4<,11   1 ,«t 2-'21 :f   .  I f.  1 f:91. 11 i  l«.532-:".-.·- - ,5.0-,.--0<.':3 . . '9: 'f· \                     -        i f......j:ti   F       .....   '       ,
·. "Aff :'*-  .i:       -:f     .22434·- 41#2:·A  4   1.I»-*6 ·.ri:r:' :»: ·-   .:-I.·· ·/at.5:': 
F.14.»''il, :,   »(1. 11,  .:1 .*31-,34  21-  ,'to„ik'-:f ilt  w .1-1.':,/· 
A««2 ,ju #\.1 Ii.:,; 4 ci:'*>-«-giE·-*-*9-»c    ,1624  2.,3:-If»:f... 26:y.tj -,r,·d  SK,5-*35/.*44 .* LIS ,  .- 1:...  .1 I .751
ite.'44-33  5-:    f,/  ...  7 'te:.,2.1:'.,/  s t --f 2. ftl f,  *5, ,i.-s.,i-,=-:     „ 2
[,352\  ···'-r  '1 :V··r... ' 1   --

. - .,-04(.7,1 p     ST., 69», S.t, ,Ii.,1, I.,:'- 1
1'%WL 4 J k»'ig. 2:  ».3;..Ig ' I  I   H'/...r·.-, =:r'- ,- P  6  1   2  .54-

. I.i f-   ..
12.,0:f8 6.Fh' ·r. 7'1', ;,'De'.-»«.,9: :46.       f ,               .   '-'5*7 1: .,  2-1.-       -77'      ie.-,T;,.t·i:,:·/6-,ZI:236.:734:- ..·A'  ..4,:.97    = .  :'     .b.-4-.:rt ,'r;.r r,<'.:rz'.. :'. :...j...Sl)    . -1' . .74'...2. ,...      t.......4... 1.. f 3, A\//47  :4<*144#617,0/1 2*Gjl ,„ ..3: 2.:-1.;20 L .-..-I. ... ., ,*»-4--b,53 I.  &1.-rah

CR = 55 °C/min. CR=6°C/min.



-                                                                                                   3/73 -2-            1

ts      ·         SURVIVAL (-) vs INTRACELLU LAR
»

0 fFREEZING (--) IN HeLa CELLS
30 .*-- limi

A *

0.0     I100 -1       8
/                4      1

2 20                               0                     / -8 0 5' t

_-1                                                                 1                               _1
- 60  w

0                                 2
0

CM                                                       /\                          <
1    10                                                               /"i                        - 40  F            i

$.

(f)                      /\          Z0                   /                          m
/            -20 Z/ 0  LU I/                                                           IN

-.    0     02   10         1        1        1                 W0.1                                          10 100 1,000        11               1
COOLING RATE (°C /min)                             I

*REDRAWN FROM MCGRATH ET AL., CRYOBIOLOGY 12, 540 (1975).
1

.,

t

e
4



*--                                                                                                                           1

31 103

SURVIVAL (-) vs INTRACELLULAR FREEZING (  )
IN GLYCEROLATED HUMAN RBC .0-0

23.

100 0-0- r- --..

-100  1

<1- 80- 0--'--e   -80  6
82              0                                                                       1*-I. ) 4 \          -1
_1   60 0 e /\ \ -60  LLI

9 , .0    ki\ Q

240 40 E
D Z

    20                                               0        - 20 zLLI

0                      /
1\1

0  1                                                                          1                                                                          1

1                 10 100 1,000 10,000
COOLING  RATE   (°C /min)

0, RAPATZ ET AL., CRYOBIOLOGY 6 18 (1968);  0, WILLER AND MAZUR,
CRYOBIOLOGY, IN PRESS; --, DILLER, CRYOBIOLOGY R, 480 (1975).

-#D
\
0

J



.

SURVIVAL (-) vs INTRACELLULAR FREEZING (--)
IN GLYCEROLATED HUMAN RBC               -

842

100 r- 100 -*
1                                                                                    1                                   >-

02
80  0 -- 0-0) / -80 4

-1.

- 1                                        _31                          WR =1'/min               0/                                 D-
-60 22_  60                /

/                         LU

5 40 -40 4/ 0
01 1                                                      01
D                                                               /                                          1-
u)           20                                                                                                                                                                  /                                                                                                   -2 0        z         I

/O    Z/ Zo Ill

0         '       ON1

1                 10 100 1,000 10,000 cr
COOLING RATE (°C /min)                                  i

LL

0,2 M GLYCINE (MILLER AND MAZUR, CRYOBIOLOGY, IN PRESS);

--, 1-5 M GLYCINE [DILLER ET AL., CRYOBIOLOGY 12, 580 (1975)].    4

4 13 2
CO j  -U
1 0*w 1/5<\ \-



3/740
-3   (.;. <   /     i

MOUSE OVA-INTRACELLULAR FREEZING vs COOLING RATE*

- e' IXIA1th.
-r                                                                         ''41.,  8 f.    1 6.i'p'f':49

(26»Sl /-252).C  *   .  (*'13(1,        &#.A
Ty)&964*31   -i-JU#El#Vatt13.       ' 73*1113'»  . i*'  1, Exin.   : - 13   -=---,4„.              . s.16--.    r--         -..1-)461

. I ,  :1 4/Lifi -1                  7                           61

  »4«,t,./.=,,·.'.-,4 -5'%f):11, 
8,---  .." '...:.#..i' ,r. -' 4'„ -,1.1.-"i=  -V < 121»-« 1  171'12-1::. )44,7   ,
-2,      - 1-0-2 #. %-1  » 

 « ,»i,14 », ij:21-(4 1:1  * . 0                 . h'*·6111 /  IffiTilatia::551:ailiff- I- r. . i . Iri*S=<3'k 3 *=)
4-4,9% r.-        ..1 /«'1.7£3 5  416-                                                       -1  -ne: 11-1111,.167.-ZEIL Ij 

A S i. / I

1  .     j M

-5t                          ...   969&   ..A                 (,9

1-:'11/- ilr , u
ry 59 f :..f.tri..-. - CR = 32 °C/min

li·1     ..,0.-r I *.:·,·leptilig

1-135'P:,ft#te.1 C=-,J ...:i,T·/L- -'Ai 124' i & - N,4.- ,0.....=pCP.*$.=.I-- '34
CR= 1.2 °C/min

CR = 2.4 °C/min.

*LEIBO ET AL.  (1976).



64                      Fi. 9  13

1         (%) 301 61Vln713048.LNI Hl.IM S1330
4              88005                                                 St         N          0
\
A         i          A                      "          1            0*e

0
0 -

0 9
....- C

0 E.-

o-(D 00    /20 --
0                             O                   W

000   /

0   0  0,/        8
000

./

0          . -0& CD
. 2//, 400  1'0 8"

I             ..=IS
0 -

0/                            -'0
/ 0

8
-

0'

i   '      i   '  0889*29
(%) -IVAIAWnS



i't·... 1
Ll'.     ....'.1

&- 1& '..5 .4'.3 .. .AR. .ti'fi   --·- I     - I -I  -I  -I-*.--/*.- -I-'-I      *   j
4,-,„<.i.   N.y.   4(....4.   6£,,  iz::   ;.f.t:

- I

cryO6;o l. -1 , /96 4 -I-... ..

ji

3 '30 7    51; &1   °C 1 1  9,31"*2". s'iL.

100

1                                /3,57 4

90   

80   i

1              1-pt = 0.015

70   1

l

- 60
2    1

l

5-
3 50     1                                 0.051                        0.15

 15 1 .5   0.t
40      Eq. 1 +

\1
\

\

\30            1
\

\

20

10

I l                                     lilli

0         -4         -8 -12 -16 -20 -24 -28

h                                                                                                            T E M P E R A T U R E   (°C)
-

F j   6.5
6  11/   4.14
4 10  =    1 -4

C u: 11:1 I,lk  =    ./uoe c )'...'.,+,.



-

/0  „  e,.2/.       N.    >/.      61  c. •:  cl  .     .S  c    ,   ,        ,    ..·

/'16 5

3'/.1 Al" R -39

1

100                                                                                              
                                                                          /3-9,   /5-

13,  9 7/

90- i

1

80- I Qto=  2.7
1 (E= 15 kcal/mole)

70-

l

...60-    1
82            1

l
>-
3  50                                                                                                   1.9

1

l         .i                                                                            1                                                                                                                                            (9.7 )

i

40 -    Eq 
,

\
1.4

\ 1.0 (4.9)30-
\       (0)
\

\
\20        ,\\\\

10- \ .. .+ .-.

1111111
0         -4         -8 -12 -16 -20 -24 -28

1-EMPERATURE (°C)

Fi  .4-
CdA   ct, 0.,1 t,   ,    6/j                                                                                                                                                                                               .9

t: 9   5      0./ f

(uv   ·lLlhiiul.l.   =     / Ul;  G    C  ·
.,„C''f



r='
is                                          M-/21
.Ra'

t

   ) OAK RIDGE NATIONAL LABORATO y-. E
4 730 4

-tid-.  1il..7,7  .......PRCBASILITY OF INT-PACEt.LULAR FREEZ'NG          1,  ·:      1-     ':'

1     1111    11.      3 -
3   3. · CE:  1il .i                                  E

1 lillI     e.»»--1.1  '1     ..11:                                     lili6'i  :         .1
10:

).Ii  k ./                  1 :8...:-:.i    fl  - - IR=

r.li                                \     1:
, . i  - \ IS

:

-6:.   6.1,  ..1 \S
.-9 - ' 6  6 .

EXTENT OF SUPERCCOLING IT -'St (11
,/r '- i    . 31

. 61: 1 ....:.: I  .... 0  .... 1  -,1
../

;·.·'S ,  , , 4.· 1·· -9       3

...»...

i

h>
-

bri

a     .1

1      ...
3



100 11,70 7 F-, '1 --1

\
1 1/

90

80-

70-

60-

-        Eq       a        By
25
_ 50->

)32
40-

30-

20 -

10 -

llil/i'
0    4   -8 -12 -16 -20 -24 -28

                 TEMPERATURE (°C)

F;o. 6
 COut„74  taft =

1 d 91'.....Z\

   18',,il, 119,:t:2:i-   '6/» 4 1., '.  4.      A    (1     ·"           (1      3

- -*..u.:./*-..W..1.'ll.:r.„...9*....1-*-.- 1-=„.=3-,A'.0.1:...-/.--.:3':i.-1=„ 'Yf-„---„:....,311 ,·-0,·r".,  ·i ·"n-rr.-.S·r,·   --·.pn·... ' ' . r..,3,··-

' ./:

':.4

'I.--1.-  .. .



E.........
1 10 INCH CYCLE X 10 DXV. PER INCH (70 DIV.l BOSTON 10. MASS. --

MADE  IN  U. S. A.      /7''O= il,•7                                                                                                 1

Pr A,1.1,4»       or    7364,-0.c,-8»0,r     Fi=·*,",   =    1  i«  Re,      v,1       -
1 11 _.1!.ILLI' LILI.L

i                                                                                   JJ   U   C     ':4,5  2,9       J   -7-
,.

11' t-li.' i,41'il'Evt'1111
,

/  r-'.4.  6,« ...   c t.f.L».:Ilr-,--11'il,j-:1-1*Fl, IL,..24Ll,z.; .

1
.$-

''1144_, S.·U-'il I  ·.,-
r                                                                         A ill-' 1,   i.'  .  / D-- ·,,'' h i,1.1 11,14jl:1.1,)%1. .. ,  -n-· i r"t   1..  Iii

1·                                                                                                   ,   ,     3   1.t/,<  t.)  4„4.9  -     Pr r      C i        ,  r          .--   I l] _44-VeI  I L,  --f[_-i     '.  v,      -I

i
-1                                     f                               n      ,      21-  ,:,1 1 4 -1*Ill't'J'" ':,5*  5 . . '  --  'flli-    It" 121, 1 4-»                  i                r -  j

4 3

11  , 1 t'I 

5

1
1  -1.11171.21.. 1.1.

-I;  - 1 I

.

1 , 11 :11  1,  ''

-1- 4 =
  ijil '1: »1. 11'  Fi P                            .                                                        l i l I'

6 * , .C

.114..1.11. '11 w :
1

Il 1  /11  '11 .111.· 1                                                            J
B

i 4                                                           ...                        imt-1-11-411 11-1,1 /1. 1 - .-i    '    '''I  1/I,'j '- 1.1    , ·•
a                                                                                                                                                          /--                                                                    i'                               1,11 7 ·---11 Lul lilli' U_    .  1,  -11 1 ..L_

, i Iii

/ 1,

4 1*14.r14                         / .1 lilI I

pi;   F ,kfift ./--. 1-1
f III-.1:.r:.1..' .;;

-0.-                                      1
1

1 :.                                                       ./                                           I.  1,1   1, 1

-      1   1-  11"-r' 1  ., 11.  -

z                                                 T  · irr_LilI'·  ' ;1.1  ". 1 ., 1 Ill'   L'I_L,|  - '.                            i                              - 1 111, -1 1'P.1-t

'11 »                                                 //                                       1 QI - -11 PAIT#                      1       , 411 .11- 1.: I II,D - i:-Ill. Ill''I                               • .!lill': ·1_-5
1'                                   1.Tri, 111.-1-111. 11.1                7        1·  111-

u   :L· ·1 1  ·    ·  ||        -                                      '                  --     4   i  & ·   11: - 9 1 2-
/                                                   Ill lilli, 11   1   1\-                                                                                                                                                                                                                                                                                                                                1

1 ell "     '-;'11'.ill,-I-,-I , i-LI -1-rri'.' 1-;·1·-M  .111711-1-12-I                                        -1, «                                -:11-1 1112»31'1  .11  .il4
, 111-. 111.11 1. 1 1111             /        - ill[ 'i1! r...0 /1 Itt .,1-1 11 FIrt-1              i                : il.

1  9 - -11,4/
t b It> 1 .1 1 u-T,iL 'linv           '           1.-4!141.-1/3-1      ' ' 7·-it-q- · IL, 1  .             /

'                                       /   .4 1  *641-1.       /          --   '  I .4...I-;I  : 1,  1; 4 -1'.i 
/                                                      1      .1 1 11,(11\11/A·115'Il

, tr  --j  k., ..11 *                     1                                    1 1 1„ VII .,3..'1.1 M
                        ·                /       11·ull,:1, 1 · ..1,2.,

/               iD,

2 111"  1  1.    : 1    ''
1                                             ../                                                                                                               ./                    11],1 it- ,4 1  +A+11                '                                   1 .il   1.1: i 1 1  1  1 ' 11

1'111»-,1-uit 11- ./ 1 91 1 ..l,...  ...r.-1
1 1-        i/ \ Ill_ ,111,, Al--: --...L_ i

/                                                 ....:     1   --- ---1, 1,-  1,-It.,1„1,1 ,   /-----..le- 3-FF'1-111  11,11 :1 11, 1#I.32

1 --r--4-ttl 1·   '·,' · ·IT' ---
1

//
/                                                                                                                         /                                         11       Fili jiff   1  : - - t ::1.  1     ..1 1

r.  2. ....                                                                                                                                                                  ,   h.  ..111  7.,-1  .-,1/ 1
IL.P.  iII , 1---' ri'-it- .1. 1.11  ---       /          1 -- 11 i : :11 1.:i' ·..1'it :

0 '1  ' ·7. 1   Th<).

-1   :j l) 0 2 UGO n " i' 513                   I... 9 1 „ i.
COVE Irt

'.  91 1,

)       /\Ati      °c   /  i '1  1  03        -



1

. 6,
P,« 1, I.1.}».1 "   C'      i „  1 ,i,  0«11.,1„    1-7 C.,·  ..1,1.)    0 „     j,<     i

u-  1

Vs     y v  <I ,  3)3 ,_.    -1  .-   t    4       C -A- - 3, j -  1.1. )  " h. i..... ".-, 4
. ,»

1

.-

/OUU 9600 90  00 -7-9 (1t) / 0  0/.,

1                  i.'' 1.,
tri 914, 9 OT " }v:                       '53    1  17  2 e : 1  7-11,1   . 9 -                       r.

-

1 1         »-1                                                                                                "'

'                                                                           1/91-  1
1

 
5                -3.  3    _    -1--     4,.ti     --1--   -F,-  2          /         1.7         /       -4 «,- s,.--i. .- -F / -

1 rs /6 - 0,_601_ O -   i. £63 li ---kili. -- « .( - C 7, 9  _ _    /       .7 -8 _  __.24/

--  10 4 --/05 6 -1 -4.,6-   -0.- .lic,8..4  -1   t.&     1_.»t,-9-- -1-
/

..-  } 13 i  .04     --8.    -,- 0, 641_--f_    --L  /64     0         /2/,il,   -/-   --13»3  -1
'./.-

/5                                 i £5, 3-4      0 -          -T-2 --.-«F  0. _ -O,-(64 , lt).11 _1 -Jitill,3
-- 7 0 0 -        0          0-- -0 _ -_ 0 0              0 -   --     3.1- 6

e
/3-3   1 , •r  p& ,1...            .'=   O    _i  1-      (0_   _431-4 -1

I ...   ·-- -  --  -- --    0

/./ 1
-

- ---  --c:'-r-  -  -v/1/-;     <S    .   /.5

- 4,» ..1 -1-(,-1»T-3-ICT-

til---11  1,4 4 :-  -> : 1 b



1       
        

        
   ,

lEI   .a.     1    t

2 1559 8-1

' SURVIVAL AND RECRYSTALIZATION IN YEAST

..«»"/-,ITT .

1. 7 46" Z /:#%3»6 5 44 ...tsf *-L.'' 4
CS RA· 4. . · , · ' ·.·  . . . . . · ·

: ., " 2'.,4 &043* i£,)    ,Cd,j »«. 3 AL'.79   '40441%2444'.,tf,wi r11*:R »can,tb,-·4'/        %9*<  2:ria#.fir4Lrj

I« -I'.t.,1.-.,A, ,'      ib#,  rt- ", , ,  , 1  7 , '*-9. i .< , 2/A-.,r ·94$,43.,-,im.9 -
is,9-tfim<....2.,i..#/Ir,-el--  -35'C &=:&0..lk-

100-0--e From Bonk (1973)

80-
.-I

2
3 1

  60-
%
U) 40-

From MacKenzie
20- (1970)

0--
0                 1                1                  -              9- 50 -40 -30               -26                -10

TEMPERATURE AT TERMINATION OF SLOW WARMING (°C)



3 lowl

100 -
0000*0000 0

O-0
10-- 0

0
1.2

10-

2 104- 0
-1
  10-2_

EE                   o
  10-3_

0

10-4-

10-5_          0450

to-691 to 160 1,800 10,boo 100,000
WARMING VELOCITY (°C/min) -9 i

.

N
769



E
.

1

1 /y° 4-3

100 HUMAN RED CELLS EQUILIBRATED IN 2 M GLYCEROL

e--.-=.--e- -e

80 /-180 e

2                                 m
*-** 60 I-1« a
>
-

>
540
0                                                                                              M

20

600 e--m

O l i l l i
0.01 0.1               1                10 100 1000

W A R M I N G    RATE     (°C/min)                                                                             371
\3

--' *21



1                   -

.'.4.,
9.-/'

1--
70                                                                                                                                         R 2  / 1/

.: ·· >.0 11.·_.

0           4 CP \10 8/o LoGy

60                          0
2xA 5(10 6,,

1.25 M GLYCEROL

50

0-0.
.-I ,«
82                      0
-40                                                 0
--13   / IM>
r                                                                                                                            6130-
Of)                                                                                                                                                                                       0

0.8 M GLYCEROL

20  -  

t.«Lt
/>,10

0.4 41 GLYCEROL --011 -0TYRODE --6-60 1 1        ,            --, --5 I Al'-r      -r- a , ,   ,  1         . -------'--- 8,8» 0.1       1.0      - 10 100 1000
COOLING RATE (oC/min)

1

f

4                                                                                                                                                      LIF

f



.

312/0
-7 61 , Slf

HUMAN RBC IN GLYCEROL (Rapafz and Luyet, 1968)
100 -

6,-A80-
0- 4          --
1   60 -       0                                 0--
5                               0              \      . . . . . .0\

   40 -           1.1 /1,1          1   0.8 M    0\   O M
\

M  \ \
20-                            0A                 \\

000000..DI:: .-8 0No0                   i          i             i  - -r--- -- --r--3
0               -4-0

1,000 10,000
COOLING RATE (°C/min)

: '9·

-r--=up'=.---1 r"7' *·-5-i„-·.-.,-,=·r-.'.---.,-- . . 64.--I. ... 4   -„'. e.. "        ......=/» ......,./w.  f

i

.0.     ,     ....
,

....11

wkik  p.I=17



                                                 3*34, 1. 4
1 l

1                                                                            6, AH
1                                                                                                                                                                  2/44-6-1./

1

2 A "SOLUTION EFFECTS"   D
100 A

i "-        -111111'Ii'25. 0,4  M GLYCER"

/
S

M 60-

 
  40- '0*  .INTRACELLULAR

\ FREEZING

,20»20- C   }       -- './)-
-L / \.B

1 1

B

. 60
3
«

50e
2 40
-J

mi

& 30
3
1-

  20-

10-

1 .                                 1                                               1                                               1

0.1                 1                  10 100 1000

COOLING RATE (°C/min)
Fig. 3.  Hypothetical.relation between survival, cooling

6 .3velocity, and additive·· concentration on the basis of two injurious

factors. A. Separate contributions  of intracellular  ice formation

(curve AB) and solution effects (curves CD) to injury.  The three CD

curves show the hypothetical effects of three different concentrations

of ·a :protective ·additive·. .8. Calculated survival as a result· of the

 wiliI'lit·11'It  i,r  i„,111  ilit.1'11,'*,1 |11|„r  fl·i'„:i„Il  ,„It|  Hil|til |i,t,  B|'| n,!t'A.



=.
7:-1- 4--1,/6-2-A,k-I,J M Ibil *A,7 1 ista,I;„1  --11--  2-IB   k/44*61 /F-1 _    .1 ill T.  P

---lili »_-11»i- f t-11*1 =44-  1==i   -li-Hj.--H-   --  ---1 - - ----    ).
--- 0'0 ze#:_ 70'-'..La:Ter.K·1,54/·a,>:C  · 76«.»s  .- -To/-_ 6- - B"

1/-r----3 1/09
.-1-=s-2--1-tt--,-tt  liti -Irt 3»1    --=1--1     It --·111,7---i37 2-6/- -  71e L.  ,4-*»- --ff 67-C.-(&'4   /Zlii f.,22,-,en- ---_=-

3-11-ST-  Lidyig   it€62 -  ti:  D-:Bit-  
90 i

.FPVFJ, 61  -6-1;2·79- ,1)--I S. 82.1-/76458-Se ---

-                                                 ·\                             (1·,1%* /       t.06
\ -=275 ,-27n '.

1 1                   677b                   21»>LM
\

60
\

8
\- /

2 -          1   \1\1  1 \
\0 1 1

90.                        1            //
1 \,

\'

f

1

20-                        I

il     -/ 1-

1                              --  ---- 2-                     -Er- 1-- s--

--

0-                                                                                                 -- -
1

-«49 = -20 )de .70 _ * <-0

33-6, 4.4.7  e.  p    C-  CJ

1'

.

4



...,=====»=.=-1.-------

.-.

- ----1--

--1.

6%                    2              73%        .-3.-17       -3.71---gFE      -iS·                   1             001             76
-

GS 36 -09-- 61Ll- -0-0-/-
0'c.-- -   _   _ _ hr_-_ -1-2£-    ---69- - 45-       O1

-_6_1    -kie-       -3-c     -       - 622- 0Ot
1,3/--_-6·j-_-F- -28__ --34 8-

-9b 76-    -773 13 001
6S .52    --76--- _38.-6--- -53 8
61                          --be      -IS        -25-1- 00/                f-91 -619  -_54_- _-Ls 36   L

-r-·-   --Ge   - --Ist   --  --os
---

GO,    :
i         ·    39/       -le- -0(6 -09   9

66                 /7&               85                  1                   001

ttlht   _0     1    _8&__3 
00/                                  \

-%-1-» -tc g 88. 6
6_L-6-9 El          6·         Do/

--sh--- --- 841- _--62 -9 aL    S
-6-,g------p.g----gl 3. 09/

it.b-6- ILYE--l,_-12- -9     93      -C _
-95---bS---892-3--0---001- 7,/.1 i   1

-:-     ... -             1

--33---»1 -6 e-- -0-    ;8 -    L-79.50,  1 
0057 -

03 /,- .06- 05g - 002 - 41-       Se-         00£- 194129 -4-    i      L
4·4

*,-1

.-= /=..«, ii-,8-......... 10.6-4 4

V.1,'./ ,    4.' 4,3   Jf/5    rN7  9/     'f P·1 2/      . Sf-3  '3'4       "'    Wlaili  // v     70  7 J"S       %   :                        f 1..
1.-: .i

jFC 1  L     p„»oukp,te      jbbl      -3·»c  o   11  -6      +D/\:17      d°     \4-°S                               S
3 6-6/  -6   -'                        f l'17797         7                       --

rt . fT,3 t          -S 
- '.



I.                                                                                            +

: *4.f
TWO-STEP COOLING VS..PROGRESSIVE COOLING ....,;449.  /

*....7           -/

/3..: .0-.

7;   .,ls,    .    1   .   1.   A-70. 6   ...4, 01... i.< .S:     .

.':*.

4 ..S I *

'.

1:

'111'
1

...

, 2.-         ...
.-I

.Flo 6?n
LU

5

INTRA CELLULAR
.*=  W-- i --                                                                           I

NUCLEATION TEMPERATURE  21 ,
Y..

4.
27                                                                                                            ...

3-                                          . .T'                    \
-4 Al.,7%

 » .

, 1\ \P-
7£*Ait.

Z\\\i
9  *9='*>-.
.:f-/6

2-
2,2

.

-50                                                                                                                                            : 1
TIM E

f.

A

:.
.„
- O                                           0                                           e"'4#
.All.

S*t... h t s.9             1        4     L


