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Mechanism of Cryoiii jury 111 Biological Systeiiis 

I)iuisio,r o j  B~clldiirg R e s e n , c h .  iVcrtio~inl R e s e r r ~ c l r  ('ocrt~cil oj Cnirnrln, 

Oltnzun, C n n n d n .  I<lA ORG 

Sc\.cr;~l tlieories 1ia1.c been adv:~~icccl lo ex- 

plain l l ~ c  meclianism of cryoinjury. I,~velocli 

(24) 311gg(:df ~d tliat damage is cnrlsctl I.)? lllc higii 

electrolyte conc~entmt,io~~ illside nnd outsiclc tlic 

cell ~vliicll ilicrcnscs wlieil water is rcmol-cd Srom 

t l ~ c  solutio~l during ice Sorm:~tion. The ob- lcrl-a- 

lion (28) 11131 iiitrace1lnl:lr fluids renlnin i11 tlie 

liquid state well below -15°C served as a basis 

Tor scl.era1 liypotl~cses. Since the frce energy of 

unclercoolcd licluicls, as manifcstccl 11y Iiiglicr 

vapor l)re.sstirc, vp, is liigl~er thnn their solid 

~noclificnlioii, :L deliyclratio~~ process reslllts. In-  

jury w:rs t l~ought  to  be cnllsed as a result of 

rcducing tllc water contcnt in tlie ccll, viz., thc 

scvere reduction of tllc cell volunne (34) nncl the 

loss of the ~rotect i l lg  water layer leading to de- 

~iaturation of the protol)lasmic proteins (19). I t  

n-as also suggested tllnt intr:~ccllulnr freezing of 

tlie mltlcrcoolcd w:~ter is responsible for injury 

to tlie cells (27). Encli of these t,lieorics has good 

expcrin~cntnl support l ~ u t  lione of tlic ~)roposed 

~ncclianisms is able to  account for all the rclc- 

1-311t. ol)scr~.atio~ls (IS, 20, 33, 35). 

1'erii:ips tlie ~l lost  i~nportalit ol the uncr- 

plained plicnomeiia is tlic action of cryoprotcc- 

ti]-c :lgcnts (30) . These clicmicnls, mllen added 

to biologic;~l tissues, increase thc survival r:lte 

from zero to el-en 100% i l l  a frcczci-l~n\v c~yc.lc. 

Custom:iril!-, tlic :~dcliti~-cs :\re dividctl into two 

grollps nccordi~ig to their al~ility to migrate 

1 lirough biological membranes. 

I t  appears tlini ~iiost of tlie ol~scr~.al io~is  con- 

ccrlliiig tlic frecziiig pl~enomcna in biologic~al s > - ~ -  

tcms can 1)c esplaincd I)!. n singlc, intcgr:~tctl 

llicory hasccl on tlic follo~ving points. 

.-\cl.sorl)ccl molcct~lcs, incl~~tliug nnto~. .  in close 

1)roxinlity to  inorganic (23, 43) or ~~olylr ier  (1Gj 

sr~rE:ices rc~n:lin in n liquid-like state a t  teinpera- 

t l~ res  bclon- tlicir I1~11i triple poi~il.. Fnilr~rc of 

cr!.sl:~lliz:ltion is attriht~ted iiot to  lack of nnclci 

Ilut to the eff(:ct of the aclsorptioii forces. The 
- .~ 

--\l)ril 10, 197'2. 

in1 crt~ctiou l~ct~vecii tlic surrnrc a ~ i d  :ld5or11:1tc 

molecules r e ~ t r ~ ( ~ 1 s  tlie  nobility ol tlie sorl~cd 

.sl)ccies to srich 211 extent that tl~elr arc ~u~:ible lo 

alt:~in t l ~ c  configuration recluired 11). tllc ice cr!.s- 

t:11 1:lttlcc. 

surf:lccs also ill biologic:~l systc~nu is subjcclcd to 

strong forces :iud lins prol~ertics unconunoil to 

tllosc of bt11k water (4, 6, S, 17: 22, 37, 42. 46). 

Spcc~ficnlly, c~xtensivc ~n~~cs t iga l ions  I l n ~ c  I~ccn 

c;lrrictl out on red blood cclls, t l ~ c  niain coilil)o- 

neiit of m111cl1 is tlie I~cinoglobm ~n:r(~rornoleculc 

(11101 ~ v t  64,500) The water 1s nclsorl~ed on tlic 

rcl~i t i~.cl \~ l ,~rge alleclfic burlncc ,mtl In tlic 15.1 
t11,11ncter c~11:liuicls formcd by ndjacellt Iicmo~lo- 

11iil inolccules. I t  \lras fou~lcl t , l~at  a t  least 11;lrt of 

tllc ~villrr is "bou~id," not available as .sol~.cnt 

(12, 35) nncl l ~ n s  higher activation encrgy for 
tlifrusion (48) consonant with significnlit w:ltcr 

snrfac:c i~~tcractioii .  Thus it seems rc:lso~inl)lc to 

:Ixsllmc I,liat tlic water rigidly llelcl in close pros- 

inlity to ccll protei~is is also inhil~itccl fro111 (*r!.s- 

t:lllizatio~~. 

At slow c.oolilig rates crystal fonnni:ion is rc- 

strictcd to cs1r;icellular spaces (28, 32) .  --\t rapid 

coolirig, w11e11 intrncellulnr ice forn~s,  c~.lolysis 

i~lva~.i:~l)ly ellsties (1) .  This is true for the casc 

ol ~ ~ l n ~ i t  tissues (20) a i d  those of animal cells. 

Tlic results of tlic microscol)ir -t~lcly ol  froze^^ 
in-ecl cclls (2) slionuxl that c\trnccllul:lr icac 

I'ormcd i11 cvcl.!. c:ise of freezing wlnle iiitrncc1lr~- 

1:ir ice, IS  it occnrred nt all. Sor~nctl snbscclucnt 

lo cxtr:iccllular lreezi~lg and was :ls.;ocia tcd wit 11 

tlcsf ruetioil of lhc cell incn~bmnc. Sur~.ivnl :lft er 

i~itrnccll~ilnr ice fonn:ltio~i lias reccnll!r hcen rc- 

llortctl. Glyccrolatecl frog blood (40) :iiid ascites 

,-,lrcoina (.ells of rats (3) wlien Eroze~l to form :L 

tr,i11,+luccnt so l~d  after t l~a~ving  were pro1 etl to 

I)(> vi:lhlc S~~ni la r ly ,  rabbit c,orncal cclli ncrc 

l o ~ m d  to survil-c int raccl l~~lar  icc Forlnatioil 

(14). n~.rcgnrdi~ig these exceptions foi' the time 

I~cin:, it lnuy bc co~~cluded tha t  in gcncrnl inlrn- 

c~cllulc~r ice formation is lethal. The l>rcsent 1i j  - 
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potl~esis is baseel on t l ~ c  assumption t11:1t iiitra- 

ccllular icc clocs not lorn1 i ~ i  intact cclls and in 

c;lsc~ \vlic,rc it w:~s obscr~,ocl it tlicl not, prcccclc 

:~ncl c:lnsc c ~ l l  dcstr~~e:tio~i 1)ut r:~tllcr followctl i t .  
Let us consitlcr the conscclucnccs of thc cocs- 

islcnrc ol ~~onfrccz:~ble intmccllulur m~cl frccz:l- 

1)lc cstr:~ccll~~lnr water. 

I'urc wntcr :~ncl crystalline ice can bc in cclui- 

lil.)rimn 0111y :nt 0°C. -At subzero te~llpcratnrcs, 

t l ~ c  v1) of ~ ~ i ~ c l c r ~ o l c d  J V : I ~ C ~  C S C C C C ~ ~  Illat of icc 

ailel t l ~ c  mct:~st:~blc liquicl, if ullablc to frcczc, 

cv:~l)or:~tes :~ncl conclcnses onto t l ~ c  ice. Tllc clriv- 

iug t'orrc of this proccss, thc diflercucc in frcc 

cncrg!. :111cl C O I ~ S C C ~ I I C I I ~  1.11 diffcrcn~c (A?)) ill- 

crcascs with clccrcasi~lg t.c~npcrnturc. 

hI:izi~r (27) slno1vetl that in I~iological systems 

illtrace1lul:ir m:~ter rem:lins unclcrcoolecl clue to 

lack of iluclci anel rccognizetl tlic res~rlting l p .  

Hc suggcstc:cl that equilibrium is restorccl hy 
1r:ttcr migrili-i~~g oul of tlnc cell leacling to in- 
rl~cnsccl s:dt concentration ancl cliininisliecl vp of 

t l ~ c  remaining cellular fl~ricl. Dnm:~gc was 

tliorrght to bc caused Ily the I~igli salt concentra- 

tion n~rcl the cverltual format,ion of intraccllrrlnr 

ice. 

I t  is nolv suggestccl that, ct~luilibrimn~ is rc- 

storccl 11); :liiotl~cr ~ncch:~nism, thc grac1u:ll rc- 

1c:lsc of bound water (tlcsorption) and subsc- 

clucnt cscrctioii of thc free ~va tc r  f r o ~ n  the cell. 
7 7 Illis prorcss approaches t , l~c  A p  = 0 conelition 

liy rccluciirg tllc ~ I ~ O U I I ~  of atlsorhctl ~vntcr,  a, 

sincc n functional rclationsliip csists bct~vccn n 

: t i~cl  thc rclativc prcssure p/pL' ( 1 )  is t l ~ c  partial 

:111cl 7)" t,hc saturation pressure). Tt has bccn 

shon-n (23) that in orcler to maintain Ap = 0 as 

the temperature tlecreases, p/po of the iiitracel- 

lular water has to decrease from unity a t  0°C to 

0.69 a t  -40°C and further a t  lower tempera- 

tures. 

Tliis mcclianisin accounts for both the severe 

clchydration of cells and the continuous ancl 

gradual nature of the phenomenon. Thc clcsicca- 

tion proccss has bccn found (49) to proccccl 

cven a t  -GO0C, n tcinperatmc 1vcll below the 

cnrtcctic temperature of most salt solutions. Ac- 

corclingly, il; is to bc cxpected that denaturation 

occurs (19) because, ns the amomnt of water 

clccreases, the protein n~olecules losc their pro- 

tcctivc layer and :~lso, because of this loss, t l ~ c  

cell I-olumc decreases. 
On slow c001i11g t l ~ c  clcsorbed nratcr Icavcs t l ~ c  

cell in a nondestructive fashion; sufficient i-i~nc 

is inv:~il:~blc lor removal of thc \v;~tcr beforc ;I 

f ~ ~ r t l i c r  :~ll~ount; is tlcsorlicd. T l ~ c  cllicl' causc of 

ccllular cl:~in:~ge is 1)robably tluc to clo11)-tlr:~tioi~ 

aiicl c~onscrlr~cnt cleiiatlu':~tion. On rapicl cooli~ig. 

l~owcvcr, t l ~ c  n.:~tcr in t l ~ c  cell is rclcasccl : ~ t  a 

r:ltc f:lslcr t l~an  tllc pcr~~~c:l l~i l i l j r  of t11c nlciil- 

branc :~llon-s i t  to flow out, n conclitio~l tl1:lt 

Ic:~cls citlicr to total ~nclnl)raiic c!t,str~ic~tion ur 

111c~rclj- to tllc: c.rc;ltio~~ of nlumeroua sl11:11l l~oles 

ill t l ~ c  n~cink.)run~c. T l ~ c  Iattcr 11:1s bee11 iiotctl il' 

crytl~rocytcs were coolccl a t  :I rate csccccli~~g 

5000°C 1)cr nlin (29). Ti, sl~ould be cmpl~:~sizccl 

t11:11 Lllc I-nluc of Ap is sm:~ll al~cl ill itself is 1101 

clan~:~gi~lg. 'l'hc rcsulti~ig rclcasc ol bo~ind nr:1tcr 

is, Ilo~rc\-cr, suclclcn, clue to t l ~ c  estrcn~cly stcc'l) 

risc of thc aclsorption isolherm n l  high p/po 

v:~lucs lor t l ~ c  protciii-~vatcr s!.stcm (5) ! ancl 

l l~ i s  i~~cre:~.sc! of prcssurc a i ~ d  lri111slcr froiin tllc 

c*cll call bc Ictlinl. 

h I :~z[~r  c t  crl. (31) sl~o~vccl t11:tL survival ~ ~ t c  

vs. cool i~~g ratc curves eshibitccl a n~as imum ant1 

~rotccl that t l~is  is the cit'cct of t ~ v o  factors: olnc 

of \vl~icli is clircctly, anel the o t l~cr  it~\~erscly, 

~ ) ro l )or t io~~al  to cooliirg d o c i t y .  Thcp were itlcn- 

tifiecl :IS solution effect nntl intmcellular freezing. 

Thc n;odcl non7 suggcstccl implics t , l~a t  t,he tn.0 

factors arc tlc11ydr:rtion aincl ~ i i c ~ ~ i b r a i ~ c  clcstruc- 

tion. 

T l ~ c  frcczing bcl~avior of plant tissucs is roll- 

s i s tc~~t ,  \vil:li illc ou t l i~~cd  incchanisin. F i g ~ ~ r c  1 
s l ~ o n s  t l ~ c  cliffcrcntinl tl~crmogram ancl t l ~ c  si- 

n~ult~r~rco~rsly cletermiiled lclrgth ehnllges of n 

1)ot:lto s:~mplc duril~g a telnpcrature cycle ~ v l ~ c r c  

t l ~ c  rntc of teinpernturc chnngc was 4"C/inin. 

Tllc c1ct:lila of csperimcntation nrerc iclelitical to 

t l~osc alrcacly described (23). 

Tllc DTA curve on cooling intlicates that 

frcczing took placc in at  least two stages: thc 

first csothermic peak is chnractcristic of sudclen 

frcezi~ig allel thc seconcl of slow, continuous 

frcezing c s t c ~ ~ d i n g  OT-er a midc tcinpcraturc 

rangc. I t  is proposccl that Ilie first peak is clue ' : 
t l ~ c  ~~rlrleation a t  - 7 ° C  of t,llc ~u~clcrcoolecl c 

tracclhrl:~r water nrl~icl~ triggers t,lic clcsorptio~., 

1 r;111sfcr, i111iI cr~~slallization wl~ich occurs est m- 

ccll~llarly of t l ~ c  origilially i~llracellular ~vntcr.  

T l ~ c  seconcl proccss, associatccl wit11 Iargc cs- 

pin~~sioir, cstcllcls to -40°C because clcsorption is 

tllc ratc controlling proccss ~ r l ~ i c h  in t u r ~ r  is a 

fmnction of temperature. The proccss is essen- 

tially tcrlninntccl n-hcn 011 furtllcr cool i~~g 110 

sigl~ificai~t onrount of wntcr bcco~ncs ~i~is table .  
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hIECHASISLI OF CRTOIKJURY IS3 

(Figs, 1 niicl 2) frcczillg is con~lllctccl cssc~iti:llly 

:I[ t lic s:linc Ion- t~c~lill,cmtru.c of' npl)roximatcl~- 

-40°C:. IIcltiiig ill I,ot.ll iilstaiices n.:ls sliarl, :111(1 

oc.c-~irrccl :it O0C, sincc thc iCc mas locatctl out- 

siclc tlic ccll ancl h:rtl 11ulk propcrtics. It  inn!; be 

iilci~tioiictl t hat Iiartl~. ~vintcr plants show multi- 

ple cxotl~er~nic peaks (49) 11ec:lusc tllc ccll rrlem- 

I)rai~c:' :1rc i11t:ict :111cl ~ ~ c r ~ i i e a b l e .  C O I I ~ C L . S C ~ ~ ,  

nonl~arcl!. 111n11ts or tlcatl stcms csl~il)il. a siliglc 

t'rcczii~g process, prcs~~in:~l)ly tluc to :t fr:~gilc or 

:~lr~acl!. clcstro!.ctl nicmbr:~~ic structure. 

?. 
Illc l)rol,osccl mccl~anisin of cr!.oiii,irlr~, per- 

mits the c~tablislimcnt of conclitions unclcr 

n.liicli tlamage is minimal or totally a~oiclccl. 

Cool i~~q  rntc. I t  f o l l o ~ ~ s  from the aforcsaicl 

that tllc ii~trrmccliatc \,clocit'y rciitlcrs o p t i i n ~ ~ m  

sur1.i)-al 11rc:lnsc it is fast c n o ~ ~ g h  to miniiiiizc 

clchyclration hut slow cliough to a~.oicl mcni- 

braiir injury. From thc point of view of tlehy- 

clration, high cooling rates arc atl~-aiit:~geol~s bc- 

c:~usc, in spite of t l ~ c  1ligl1 dcliycIr:~tio~i rate, tlic 

~ibsolute amount of rcclistributccl n.atctr is small. 

The finding of' Lo\~clocli (21). that cl:~n~agc of 

rccl cclls occurs bctwce11 -3 :ulrl -40°C :rnrl if 

tlic time sl)ciit in this tcmpcruturc region is 

more t l i a l~  5 scr! supports this vic~v. Tlie loncr 

houncln~~! vnluc of the critical region is probably 

tlctci*nii~icd by tllc drast icallj- clccrc;~sctl rnol~ili~ y 

of t hc n : ~ t c r  n~olcculos. 

.iltllougl~ only the cooliiig ~~roc!rss 11:)s bccn 

tliscussrrl thus f t~r ,  the same consitlcratioils :11so 

apply to thc ~ ~ ~ a r i n i n g  proccss. There is no rca- 

soil to nssumc that tlia~ving is less in jur io~~s  thaii 

freezing. I n  fact, ~)crhaps the opl~ositc is true. 

On marmi~ig, a long time is requirccl for tllc 

t'01Klpl~~~ clisnpi~e:~rance of t'hc ice cr?.stals, and 

during this periocl thc unfrozen cclls can \Irarin 

lo  nrcll above 0°C. IJnclcr these conclitions large 

tlclctrrions ~p cliffcrciices inajr exist,. Tlie sit,un- 

ti011 is aggral-ated 113. the rclat i~cly liigl~ t c i n ~ ~ c r -  

nturc a t  ~ ~ ~ h i c h  water diffusion is rc~picl. 

Pcr~r~enbilit!y. It is expected that i~lcrcasctl 
~~~ctmbr :~nc  pcrnical~ilit,y is bcneficial by virtlie of 

pcrmit t ilig the application of highcr cooli~ig 

ratrs \vithol~t membranc injury, or a l t r rn:~t i~clg.  

1,). rcclucing thc cstent of the damage at :I given 
cooling mic. 

I11 agrccmcnt, wit11 this 1-icnr is thc obarrv:ltio~~ 

tll:rt th~ring t'lie incrcase of winter harclilless the 

ccll pcr~ncability of plants increases. Only 111ants 

~rhose frost rcsist,ancc act~inlly increased 011 ex- 

])os~lrc to "ll;~rclc~iing" tcinl)cr:~tnrcs shonccl this 

c\iaiigc (21: 1 9 ) .  11 h:ls also bccn rcpor(ccl (15) 

tli:it l)cl)to~lc protccts 'TI b:~ctcriopli:~gc of Esch- 

cricliia coli, l)rcsniiinl~l!; 11y illcreasing t l ~ o  

p c r ~ n r : ~ l ~ i l i t ~ ~  ( 3 5 )  . 
n'illi~uiis :ulcl ~ ~ I c r y i i i : ~ ~ ~  (50) clci~~oiistr:~t~cI 

t 11:1t n-iiitcr-li:~rclelircl or artifi cally 1)rotcctccl 

q ) i i ~ : ~ c l ~  grann :I\-oicl injury iC n rcvcrsiblc influx 

of solutc is possil~lc. Sul~scc~uciitly, ~ I C ~ J , I I I : I I I  

sr~ggcstc(l ( 3 6 )  t l ~ c  ii~crc:~secl p c r ~ ~ ~ c : ~ l ~ i l i t ~ .  ill- 

clr~cctl b ~ .  cryoprotccti~-c adcliti~.cs :IS tlic eflicacy 

of i~o~~pci ietrnt ing agcnts. 

T7iscosit!l. 111 tcrlns of tllc prol)os.:al ~)rcscntrtl 

ill this p:lpcr, cclls arc tlam:~gccl tlrlriiig slonr 

cooliilg maiiily I)!; cleliytlrntion. A~cordiiigl!. :L 

ccrtaiu clcgrce of protection may 11c acl~ic~ccl  b ~ .  

increasing tllc ~.iscosit\. of the intr:lcellular fluid 

11-liic.11 rc1:lrcls tllc flow of \vatcr. It. sccms signifi- 

cant t11:11 thc arlucous solutiolrs of thc 1)enctr:lt- 

ing c:r~.oprotccti~.c ngcnts (glycr~.inc, D3IIISO. 
glycol. :~mi i io~~ium arctate, triiiictligl:~mi~ic :ICC- 

t;itc) are i~otccl for I~aving liigl~ viscosity, 1)artic- 

111arl at Ion tcni~)cral~urcs. 

3linin?izntion of All. Eliminatioi~ of Ap, the 

primar!~ calisc of cryoinjury, is possible tlieoreti- 

cnll!- in a t  Ic:lst two ways: 11y tlccrcasing tllc \;I) 

of the i~itr:lccllulnr fluicl slid by incrcnsillg t l ~ c  

v1) of tlic extrnccllular solicl. 

Tllc former call bc achicvctl by thc acldit~ioi~ of 

one of t,hc lil10~11 pc~ictrating agents. A ]lropcrt.~r 
coinmoi~ t o  t hcsc atldit,ivcs is t lie lo\\- vp of t,llcir 

;1cl1lcolls solt~tioiis. Thc v:ll~lcs of p :inti p/7)' of 

thrcr solutions, of a concentration customarily 

apl~licd lor complcte protection of biological sys- 

tcms, :lrc givcn in Tnblc 1. Most agcnt,s ill tllc 

~u~clilutecl st:~tc arc clcliclliesccllt because the vp 

of tlicir saturatccl solution is less t,llan the par- 

tiill pressure of water in air. 

Incrcase of the v p  of t l ~ e  ext~racellnlnr solicl, 

rclativc to cryst:~llinc icc, c:~n bc acllicvccl by 

glass forniation. -4s glasscs tlo not rcprcsclit 

TAULli: 1 
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rccl~~cecl ,.:rli, conccntration contrihutcs to protcc- 

T E M P E R A T U R E ,  " C  -- 
l p i c : .  3. l)if'fcro~~tial thcrmogr:r~rr;; ol' Z L C ~ L I C ? O ~ I . *  

glycerin(; sol l l t i i )~~~.  Concc~ll.l~atiolls : I ~ C  ~ S ~ I ~ C $ S I ~ C ~  

i l l  v/v% ant1 intlicatctl on thc right-lrantl sitlc of 
Llrc cnrvcs. Cooling rntc ~lpprosil~~ately 13O0C/mi~l. 

st:ltcs of tl~erirlocly~lanlic equilibrium 114th re- 

spcct to  configurational ch:lnges of their molccu- 

1:1r strnctllrcs t,l~cir lrce cncrgy :ulcl 1.12 arc 

grcatcr tllan in the equilibrium crystalline for111 
(17). Cilass formation occurs ni th  certain sub- 

st:lnccs ~ulcler unique conditions, e.g., amorphous 
icc is fonnccl helow -120°C when water vapor is 

coolccl vcrjr rtlpidly, but othcr substa~lces 1.111- 
clcrgo glass forn~ation unclcr almost all concli- 

t i o ~ ~ s .  Liquicls belonging in thc lattcr group are 

cl~:lractcrizecl by high viscosity nrhich is a rccog- 

~lizccl criterion for glass formation. 

Solt bz~flering. Farrant  (9-1 1 ) clcnlonstrn tecl 
lllnt the harlnful thrcsl~old conccntration of 

NnCl occllrs a t  a lower tempcraturc wl~en pcne- 

tion during i'rcczing. 

grcntly :~ffcct thc pnttcril of ice formation ill 

-olut io~~s :IS sliown by Luyet JIKI C'O-~vorkcrs (33, 

41). 
Most of t l ~ c  atlcl~tivcs that possc.>s cryoprotcc- 

tlvc clualit~es arc lcilo~vn to form glasscs oil solicl- 
~fic:lt~oil Glyccrl~lc, Di\lISO, glycol, unmno~li~lln 

acct:~tc, PV1' (lG), trimetliy1:iminc acctnte (3G) ,  

:111d sllcroae (13) :ire good esanlplcs of such 
colnl)ouncls. 11 is obvious that estraccll~llar glass 

fonnntlon is onc of tlic nlcans by which protec- 

t1o11 1s proviclccl. Thc concciltration of thc 
:~ilucous solutions of tllrec aclclitivc~ a t  nrllicll the 

tr:~nsition is colnplctcly g1:lssy Ilns bccn cstab- 
li~llccl in this laboratorj~. Thc cliffcrential ther- 

nlograms, obtained a t  a cooling ratc oE 13OoC/ 

nlin (Figs. 3-5), indicnt,e that  no crystalliiic icc 
forms in glyccrinc abovc 45% concentrations, in 
JIA'ISO abo1.c 40, nncl in ammonium :~cetatc 

abovc 37% concel~tmtiolls. I t  is most sigl1ilic:rnt 

Illat for complcte protcction of blood thc con- 
ccntr;ttio~i is rccluirccl to csceccl 45% in thc casc 

of glyccri~~e ( I ) ,  34% for DiVISO (15) ancl 31% 
for ammno~lium ncctntc (33). PITI' pro\-itlccl gootl 

I ~ l t  11ot conlplctc protcction ~vllcil lllc co~lce~ltra- 
ti011 was 15% in freczing of clii~lcsc Iln~nslcr a~itL 

nl:rrro~v s t t~m cclls (31) . Tlii:: is to l ~ c  csl~cclcd in 

\.ic\v of t l ~ c  vcry Iiigh concc~itr:~tions [6O% (lG)] 
rcc~~~irccl to  avoicl icc fornlation of PYl' solu- 

t ions 
111 n cln\sical cspcrln~c~lt ,  Lovclock (25) clcni- 

o~~str:ltccl tlrat glyceri~ic must pcnctratc thc rccl 

cclls to attail1 good protection. IIc founcl that 
tllc rccovcrjr clecrcascd from 97 to 63% rnl~ell 

pcrnmcation wns blockcd by aclclecl copper ions 

nncl thus proved his point but, a t  the sninc timc, 
tllc rcsults llacl also a puzzling nspcct, ill that  

survival nlas 03% inste:lcl of 2% whicll woulcl bc 

cspcctccl in thc nbscncc of glyccrinc. 11, is sug- 

gestccl that, sur\-i~-:ll i~lcreasccl from 2 to (53% by 
virtuc of glass formation but coulcl not acliicvc 

9'7% cluc to t l ~ c  absence or pcnc t ra t io~~,  i t . ,  1.1) 
1owt:ring of tllc inlraccllular fluicl. 

Figurcs G n ~ i d  7 sllonr tllc fractio~lal Icngt,h 
cl~a~lgcs alicl t l~crmal cffccts obtai~lccl 011 cycling 

of pot:lloes co~itail~irlg glyccri~lc ancl DMSO ad- 
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Frr:. 4. Diflcrcnt.i:~l Ilrcrmogr:ulls ol ;~clucous IIMSO sc,lulious. Conc.c~~ltr:~tions arc) ( r -  

prt~asctl ill v/v% nntl :1rc9 irltIic:ltctl on lllc r igl~l- l~i~~l( l  si(lc of 1111% I . I I I . V I ~ ~ .  

clitives. Tlic c~ryoi)rot.cctive :~gcnts hnvc dramati- 
c:illy reduced tlie csotllcrlnic hc:~t effect, i.e., so- 
lidification w:ls esscntially glass form:~tion and 

t lic concomit,:1nt cl~anges in cli~nension linvc also 
dilninislled. 

It is most probable that tlic aforcmentioncd 
survival of ascitcs tumor (3) nnd glycerol:~tcd 
frog blood cells (40) of intrnccllular 'rystalliza- 

lion nras clue to the vil.rcous chnructer of t l ~ c  
I'ormcd icc. This is supportetl by tllc observntion 
tl121t. viability was preser~recl only if tlie solitl was 
tr:lllsluccnt. I n  fact Rapntz mid Luyet (40) ob- 

serve that "Tl~e  similarity of the rcsults (of tlic 
glyccrol~tccl blood) with those obt,ainetl with 
noli-glyccrolatcd blood cells frozen a t  -150" alltl 
rccrystallizccl a t  -10" is striking." I t  is a wcll- 

known fact that water cooled r;ipiclly to bclow 
-120°C forrns vitreous ice. 

Accorcli~~g to the proposcci ~ncchnnism, penc- 
1:rnting agcnts protect by the elimination of Ap 

utilizing both thc lowering vp of tlie fluid :~nd  

incrc:tsing tlic vp of t l ~ e  solid, ~vhile the llitllerlo 
uns:ltislnctorily csplaincd action of tllc nonpenc- 

t r ~ ~ t i n g  acltlitivcs c.o~~sist mainly of eslcrnal gl;ls,< 
formation. Pcnctr:~ting agents :ilso incrcnsc the 
viscosit,y of thc iritrncellulnr fluid. Is  is of great, 

import,ancc that nltliough "bound" 1v:ltcr cx- 
c>lutles s:llt i t  tlocs dissolvc nonionic species s u c l ~  

ns glucose (14) :1ilrl, prcslun:ibly, the p~ne t~mt ing  
additivcs. 

I t  slioultl bc clnphasizetl that  the proposctl 
liypotlicsis docs not deny llic operation or the 
importance of the solution, lninimum cell vol- 
ulnc, ant1 sulfliydryl-disulfidc mccliallisms but  

r;~tlier suggests tlie primary causes leading to 
the crcntion of contlitions under wliich they bc- 
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;\ ilen l~\.potllcsis, bnsctl on tllc :~ssumption 

th:rl i~lt~r:lcellul;~r 117:ltcr rc1n:lins 1iquitllil;e bclo~v 

u 0°C niitl tllcrcfore its vapor pressurc (vp) is 

1 5 grc:~ter 11ia11 tllat of iec, is proposeel to espl:~iil 
t.hc mcc1~:lnisin of cryoinjur!;. 011 cooling, cstrn- 

11% ccs111113r ice forms and :L vp tliffcrcncc, A p ,  is 

crcntctl nrhicll ii~crcnses ~vitll  clecrcasing tcmpcr- 

:~turcs. A spontaneous l~rocess of n.:~tcr dcsorp- 

2  270 tion ni~tl  subsecluc~lt rcclistribulion is ~>romptecl 

27% l>y tllc n o n c c l u i l i b r i  slntc. Injury is tllc rcslllt 

31% of t1cllydr:ation at, slo~v cooling rntcs and mcm- 

34% 
l)rane ru l~ lurc  a t  rnpicl rates. Penelr:~ting ery- 

oprotcctivc ngents improve sur\.ival rate by di- 

iilinislli~ig tllc in ig r :~ t io~~  rate nnrl A71. The latter 
37% 
4 4 %  is tlcllicvccl by lo~vcriiig the vp  of tlie intraccllu- 

lar fhricl colligati\~ely xilcl increasi~~g the vp of 
5 5 %  the cstrt~ccllulnr solid. DiSfcrenti;rl t11crin:rl anal- 

~ . s i s  of tlic tlcl~~eous solutio~ls of glycerine: 

I)kISO, i~iicl :linirioilillill : I C C ~ : I ~ C  provitlc~ espcri- 
I i d  

- 100 0 
n:ci11 a1 c~.iclc~lcc l h:~t a t  coi~ccllt rat iolis a t  ~vhicll 

- 5 0  
tlrcsc cr!.oprotectivc agents rcnclcr full protee- 

T E M P E R A T U R E ,  C 
4- - . .. . f ion for rctl hlood cclls tlle Srozc~l solicl is nmor- 

I:rr;. 5, trc, uli:,, csl., 11( lgr: lllls ~,llll l lollil l l l l  p l i o ~ ~ s  glass instc:rtl of cryst:~llinc. X o ~ ~ ~ ~ e i ~ e t r : ~ I -  

, , o , l l  iolls, toll,, l l , r , ,  s , r , ,  i l l  illg :11gc11t s protect only cst rnccllul:~ r glass form;l- 

:lntl i r l ( l ic ,Lr(ct( l  011 , I l e  rigIl~-ll;lllcl s i t I [% o[ tion. (2ert:lill nclclitives incrc:lsc i~rcmhrmlc 
I I I ( >  crlrvc.~. ~>crmc:~l)ility wlrichh at, slow cooliirg rafcs is bcllc- 

FIG.  6. I+:~clional lcrlgrll cllangcs :ultl tllc.rnlogl.~~nl of polato l~rcso~iiictl in 50% glycerine- 
water solulioll. Ratc of tcrlll~cr:~(urc cllnngc 4"C/1uin. 
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FIG. 7. Frnction:~l Icnglll cllnngcs ancl thcrmogl~nm of pot:llo ~)rrco:ilirtl in 50% D1190- 
wntcr solution. Rntc of trrnl>rr:~turr clln~lgr 4°C/~niil. 
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fic.i:~l. T l ~ c  t l i~ncnsiol~:~l cllnnges nncl t,llcrmogram 

of potnto s:~mples (luring tcmpcmture  cycles nrc 

csplical~lc by the  proposecl model. I t  is sllotvn 

r l ~ : ~ t  t l ~ r  I~ypot l~cs is  is compatible with the  most. 

inll,ort:~l~t ~iiotlrs of frcczing injury nlrenclv pro- 

1)osrtl. suggr.4irig t l ~ r  primary c :~ l~se  Icntling t o  

I l ~ r  crr:~tioll llntlcr n.11ic.h they hrcnmc opcrn- 

tiol1~11. 

COOLING WARMING 

LENGTH 
CHANGES - 

DTA -..- .... 

----, ./' \ _.- 
8 _<--- 

I 

lO0,V ------ L--- --------- ----__-____---- , .----- 
- - - -.-__ ---__ -- -. - - 

.. -. a .. -- 
- . -. - - - . 

.. --. -- .- - 
--._I 

I t.ll;lnli Dr.  D .  %. I,cvinr, Dc l~nr tn~en t  of Metl- 
icinc, U1livcrsil.y of 0tt:lnn for many helpful 
tli*c.ur;~ioos :~ntl csl~rcns nly :11>111.r~intion to Dr.  

N. R. H u t c h r o ~ ~ ,  Director of tllr Division of 
Builcling Resenrch for his rncourngemcnt in this 
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project which \\oultl seem :lt first glance, to b r  
ol~tsitlc t hr  in l r~cs t s  oE this Di\ ision. 

'rhr csl,rrimc~nt:ll tvorl; was cxnrrirtl out by M i .  
Hrrmiln Schults. 

This paper i h  n ronlrihl~tion from the Division 

of Ruilcling Rcsrnrch, Xniionnl Rrsenrch Council 
of C:~nndn, nntl is puhlishrtl nith the npprovnl 
of thr D~lrctol.  of the Division. 

REFERENCES 

1. .\sahin:~. E. Freezing procezs nncl injury in 
isolntrd nnimnl cells. Fed. PTOC. 24, Suppl. 

15.8183-S187 (1965). 
2 !\sahina, E. Freezing nntl frost resistance in 

insrcts. I t i  "Cryobiology" ( H .  T .  Mcryman, 

Etl.). p. 454. Scndcmic, London, 1966. 

3. :ls:ll~inn? E.. Sliiinncln~ I<., nncl Ilisndn, T. ;\ 
st:thlc slate of frozen proloplnsln mil11 in- 
visible inlrnccllulnr ice cryslnls oblnincd by 

rnpicl cooling. Exp.  Cell Re,?. 59, 349-358 
(1970). 

4. Rcrn:ll. J .  11. The slructurr of \v:llrr nntl its 
I)iologic:~l iml.)licntionn. I.tt "Tllr $I:llc :~ntl  
Move~nrnt  of Rntctr in 1,iving Organisms" 
S!/tttp. Soc. Ezp. Biol. 19, 17-31 (1965). 

5 .  1'31111. H .  I3. ~ltlsorption of w:ltrr v:ll>oul. 1,. 
~>rolcins. .I. i l i t~er .  Cltcm. Soc. 66, 1499- 

1507 ( 1944). 

6. Chang, D. C., H:lslc\\-ood, C. F.: Xichols, B. 
I,.: nncl Rorschach. H .  E. Spin echo stuclics 

on cellulnr water. .'nl)c~e (Lotrrlo?~) 235, 
170-171 (1972). 

7 .  Dochl)lcr, G .  F.. R.onc. :\. IV., nntl R.inhci.. >\. 

P .  Freezing of mnmmnlian blootl :1nd its 
c:onst.it.l~cnts. It( "Clyohiology" ( H .  T .  Mcry- 
Innn, Etl.). pp. 427-450. Acnclcmic, Lonclon. 

1966. 

8. Elfortl, B. C. Soil-solvrnl water in munclr. 
Wn1'ttr.e (Lontlon) 227, 282-283 ( 1970). 

9. Farrant,, J. Mech:~nism of cell clamngc tlwing 

frrczing and thawing and its prcvcntiol~. 

~\~\70111~e (Londoti) 205, 1284-1287 (1965). 

10. Fnrmnt, J. Is there a comnlon mcchanisn~ of 

l~rotcctioil of living cells hy polyvinylpyr- 

rolidonc and glycerol during freezing? Nrc- 

11~r.e (Londoil) 222,117.5-1176 (1969). 

11. Farrant, J.! Walter, C. A,.  nncl :\rmsbrong, J. 

A.  Preservnt,ion of structure n ~ l d  fu~nction of 



all org:lnizccl tissuc ;~ f t c r  freezing niitl tha\v- 
ing. I'roc. 1201~ Soc. I3 168, 283-310 (1967). 

12. Gary 130110. C. iLI. So~lsol\ .cnt  \v:ltcr in 11u1iln11 

c ~ L h r o c ~ . t c s  ant1 I~cilloglobin solutions. J .  

Gar,. Plzysiol. 50,2547-2564 (1967). 

13. Graves, R .  I .  N., i ~ n d  D:~vies, J .  D. Scyaratc 

cffec(s of freezing. Illrx\vi~lg and d r y i ~ ~ g  living 
cclls. A ~ L I I .  N. Y .  ilcc~rl. Sci. 125, 548-558 

( 1965). 
14. I-Iilnn:~, C., :ln(l Sl~(:rn~:~n, <J. I<. Survival of 

mbl~it ,  cornc!al cclls :~ftcr tllc form:ltion anti 
tlisaolution of intraccl1ul:lr icc. C~.ybiolog!j 

8, 46-72 ( 1971). 
15. lIi~ggi~ls, C. 15.  Iio\.c~rsil)lc ngglo~ncr:ltio~l r1sc9cl 

lo rc9nlo\.c tliluc~tl~ylsnlt'ositlc I'ro~n largc: 

\.olunlcs of frozc:n I~lood. Scioice 139,  504- 
505 ( 1963). 

16. .r('lli~lcl<, I-I. 11, C;., :l11(1 lcolc, S. Y, IJr(,(,zi~~g of 
:~qncous ~~olyvi1~y11)yr1.0litlo11c solntio~ls. 
I<olloitl %. %. I'ol!jttl. 220, 122-133 (1967). 

17. Iilolz, I .  M. Rolo of \v:llcr sLruct.urc in macro- 

niolccr~lcs. I'etl. I 'T~c. 24*, Snppl. 15, S24- 

S33 ( 1965). 
18. I,ciho, S. P., and Mazl~r ,  I?. F:lctors :11Tccting 

I.lrc snrvi\;ol of tissue-cnllnrc cclls and 

crytl~rocj.lcs subjeclccl lo e s l r i ~  ccllr~li~r 
frcczing. 11~1. Conor. I$eji.i(j. S I I I t l l  Prc- 

print.. \Vasllington, 1971. 
I!). 1,cvil I, J.  ;1 sulfl~~~tlryl-clis~~lfidc I ~ ~ . l ~ o l l ~ c s i s  of 

frosl injury nntl rcsis1;lncr ill lrlnnts. .l. 
?'heor. Uiol. 3, 355-391 (1962). 

20. I,c\.itt, .J. \\'intor 11:lrtlincss in ])1:111ls. 111 

"Cryobiology" ( H .  T. blcryma~l .  Etl.). 11. 
551, :\c:~clen~ic, Lontlon, 1966. 

21. l,r\.itl, ,J .  \Vintcr 11:lrcIint~ss in ~11;lnts. 11, "C;r>.o- 

I)iologyl (H. T. l lrr ,~.rnnn, I;;tl.). 11. 539. 

i\c:~dcmic Press. I,onclon, 1966. 

22. 1,ing. C;. S .  Tllc pl~ysical s t n ~ c  of \\.:ltcr ill 

living ccll ant1 ~notlcl sy.;tc~lls. 111111. iV. Y .  
i lcr~d. Sci. 125, 401-417 (1965). 

23. I , i t \~ :~ l~ .  G. C;. Pllase trnn5itions of :~dsorhalcs. 
111. Hea t  cfi'ccls and tlimcnsional cllangcs in 

~lo~icc~uilibrium tcnilrerature cycles. I .  Colloicl 
III Lojacc Sci. 38,  75-83 ( 1972). 

2.1. I,o\.c~loclc. J .  1':. Tllc I~: lo~~~olys is  of 11nn1an r c ~ l  

l~lootl-cells by freezing :~ntl  illn\\;ing. Biocltiiii. 
f~io])lt?js. Acln 10,  414-426 (1953). 

25. Ijorc:lock, J. 15. The  mcchanisni of the 11rotcc- 

ti\-c aclion of glycerol against hnc~nolysis 
by frcczing :mcl tl~:l\\ring. Biocliiiiz. Bioplzys. 

iLclu 11, 28-36 (1953). 

26. Lr~ycl., B., and Rasmusscn, D. Sl r~dy  of tlif- 

fcrenlial thermal analysis of lllc tempern- 
lures of instability in rapidly cooletl solu- 
tions of polyvir~yll)yrroIido~lc. Biotlytlnii~icn 

10,  137-147 (1967). 

27. Mazur. 1'. I<inctics of ua l c r  loss from cclls a t  

subzero lempcmturcs tlntl the likelihoocl of 
inlr:lcellular frcczing. I .  G ~ I L .  Physiol. 47, 

347-369 (1963). 

28. Mazur, P. Tllc role of cctll nicmbrancs in tllc 
frcczing of ycnst ancl otllcr single cclls. Ant?. 

N. Y .  ilcc~d. Sci. 125,  658-676 (1970). 

29. Mazur. 1'. Cryobiology: Lhc frcczing of bio- 
logical systcms. Scietlce 168, 939-949 (1970). 

30. M n z ~ u ,  P. Chairman's opening rcmt~rks. I n  

"'Tllc Frozen Ccll" ( G .  15. IV. \ V o l s ~ c ~ ~ l ~ o l ~ r i c ,  

ancl M. O'Connor, Etls.), p. 1. Cllnrcllill, 

I,ondon, 1970. 
31. >I:lzur, I'., Lei t~o,  S. I'., F:~rranL. J . .  Clln. E. I-I. 

Y.. Ilanna J r .  M. G., ai~t l  Snlilll, L. H. Ini(>r- 

:letions of cooling rate. ~ v a r ~ n i n g  rate :111tl 

~ ~ r o l c c t i r c  aclditi\-c on tllc survival of fro- 
z1.11 mt~mmnlian cells. 111 "The Prozc~n Cell" 

((;. 13. \V. \Volslcnllol~nc, ant1 M. O'Con~lor 
Isds.), 11. 69-85, Cl~nrcl~il l ;  London, 1970. 

32. A,I<:ry111:ln, 11. T. Rcvic\v of biologict~l freezing. 

I IL "Cryol~iology" (11. 'l'. A,Iery~l~:ln, Ed.), 

1). 44. Acndcmic, I,onclon, 1966. 
33. Mcrynlan, H .  T .  h~Ioclifictl nlotlcl for t,llc 

n~ccl~anisin of freezing injury in crytl~rocytcs. 
N(11zlre ( L O I L ~ O ~ L )  218,  333-336 (1968). 

34. >Icry~nan, 11. T .  T l ~ c  escecding of a ~ninimunl 

tolcral>l(~ ccll \ , o l ~ ~ o ~ c  ill hyl~crtonic ins- 
l~ension as a cause of frcczing injury. I11 

"Tllc I:~.ozcn Ccll" (C:. E. W. \Volstcnl~ol~nc. 
:~ntI h1. 0'co1111or* Eds.) ,  1). 51-69. C l~ i~ rc l~ i l l ,  

IJonclon, 1970. 
35. illcryman. FI. 'T. Tllc " l , I i n imr~~n  cell volnmc" 

moclcl of freezing injury. Iltl. Cot~gi.. IZejl.iy. 
S I I I l h .  1'rcl)rint. Was l l i~ lg to~~ ,  1971. 

36. Mcryman, H .  T .  Cryoprotcctirc .\grnts. Cryu- 
biology 8, 173-183 (1971). 

:37. Nikolskii, K. N. Accessibility of \v;ltcr in 

muscle fibers lo nlolcculcs of didcrcnt sizes. 

171  "kITater in Biological Systcms" (M.  F. 
Vuks, ant1 A. Sidorova, Eds.), Vol 2, pp. 

106-110. Consnltants Bnrenn, NY, 1971. 
38. Pcrutz, M. F. The composition antl s\vclling 

properties of l~ac~l loglobi~l  crystals. I)isctiss. 
F a ~ c ~ d n y  Soc. 4.2B, 187-197 (1946). 

39. Pcrulz, M. F .  The hemoglobin n~olcculr. Sci. 
Airlei.. 211, (5) 64-76 (1964). 

-10. Rapntz, C;. ant1 Lnyct, B. h4icroscopic 01,- 
scr\.alions on the tlc\~clopmenl of tllc ice 

phase in tllc freezing ol' blootl. Biotlyt~trii~icn 

8, 195-239 (1960). 
41. Rapalz, G. and Lnyct, B. Pnllcrns of ice for- 

~na l ion  in arlucons solutions of polj-vinyl- 

pyrrolidone, and temperalures of i~isL:~bility 

of the frozen solutions. Biotlyt~cct)~,icci 10, 
1.49-166 (1968). 

42. Schullz, R. D.. and Asunnaa, S. I<. Ortlcrrcl 

\vnler and t l ~ c  ultmstructruc of t l ~ c  cel1ul:lr 



plasin:~ mcmbr:ule. Recent Progr. Su~ jncc  
Sci. 3, 291-332 (1970). 

43. Siclebottoin, E. W., anel Litvan, G. G. Phasc 
transitions of absorbatcs Par t  2 - Vapour 
pressure ancl cxtcnsion isotherms of thc 
porous-glass + water system bclo\\r 0°C. 

Il'rcl)ls. I'ciraday Soc. 67, 272C2736 (1971). 
44. Soloinan, A. I<. The state of watcr in red cclls. 

Sci. An~es .  224., (2) 89-96 (1971). 

45. St.cclc, P. R. M., Davics, J. D., anel Greaves, 
R. I. N. Sonic factors affecting (.he viability 
of freeze-thawcd T4 bactcriophagc. J. Hyg. 
67, 107-114 (1969). 

46. Toit, M. J., ancl I~'railks, F .  Water in biological 
systcins. Nn t?~~ .e  (Lonclo~a) 230, 91-94 ( 1971). 

4i .  Ubbclohde, A. K. "Melting anel Crystal Struc- 
1,urc." p 294. Clarcnclon, Osfortl, 1965. 

45. Vicir:~, I?. I,.: Sha'afi, R. T., ailel Soloin:~n, A. 

I<. Tlie slatc of ~vater  in human ancl clog rcd 
cell mc:mbranc. J. Gen. Physiol. 55, 451-466 

(1970). 
40. JJiciscr. C. J. Cold rcsisl:~nc,c :und injury of 

woocly plants. Science 1.69, 1269-1278 (1070). 
50. UTi1li:lms, R. J., and Mcryman, H. T .  Freezing 

injury and rcsistancc in spinach cllloroplast 
grann. Plant Physiol. 45,752-755 ( 19i0). 


