R NOTICE - ¢
e g P | “ ST : L

* The quality of this microform is heavily dependentupon the

guali,ty of the original thesis submitted for microfilming. .

- Every effort has been made to ensure the highest quality. of

- reproduction possible. ., T

It pages.are missing, contact the university which granted
 thedegree. = v o e .

.. Some

if }he’ university sent us an inferior photocopy.
. -Previously copyrighted materials (journal articles, pub-
.'I“ishe\i_tes‘ts,_'et,c._)_are_ notfilmed. - ‘ o

' Rebr,odudfion infull or i part of this microformiis %overned :

', by the Canadiari Copyright Act, R.5.C. 1970, c. &.30.
LA - S . - . L
; '\_\ '/ . . ' : ‘ e .

) roag) '

Page,s'-qéy\ have indistinct print especially if -the -
~originat pages were typed with a poor-typewriter ribbon o,

, (articles -de revue, tests

N .
% - AViIs =
: I R N
] ’ AR T Tyt

La qualité dé cette ?ﬁi‘c’:rofo,rr'ne' dépend grandemerit de Ig
- qualité de:la thése soumise au microfilmage. Nous avons-
tout fait pour assurer une qualité supérieure de reproduc-
tion. A o o o o

' _\' Sil manque des pages, veuillez communiquer. avec
\l‘universite qué a conféré le grade. . . - ToE

La qualité»d'impresSion de certaines pages pgut laisser 4
désirer, surtout si les pages-originales ont été dactylogra-
- phiées & I'aide.d'un ruban usé ou si I'université nous afait
parvenir-une photocopie de qualité inférieure. - -
Les. documents qui“fbnf’udéja‘ l'objet d'un droit d'auteur
‘publigs, etc.) he sont pas

_microfilmés. T e
La rep‘roquction,; héme pa,rtielle,'d.e cette miéro'fo'rmé' est

souuﬁe a la Loi canadienne sur le droit d'auteur, SRC

» <

-




4 MECHANISI%S OF INTRACELLULAR ICE FORMATION

. / DURING RAPID COOLINQ | oo

/'f' SR ATHESIS / e
\SUBMI;[TED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN P/}RHAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE
YOF/' R MASTEROFSCIENCE e
AT I ,EXPERIMENTALPA’;%I\—XOLOGY e

DEPARTMENT OF PA(THOLOGY E

EDMONTON ALBERTA '
FALL, 1988



.-Canada
thesis . and "t6 lend or sell»

~ 4

4 B

..Pethisafon has been granted
‘to.:the National Library ‘of
.to microfilm this

ﬁcopies of the film.

v .
T

?The aqthor (copyright owner)]

.has reserved other
”publication. rights, afd
- peither the . thesis. . ner

. gxtensive ‘extracts’ from it

. 'may be- printed or otherwise_
‘reproduced without hither

.written permisaion._,;“
R .

ISBN 10-315-45768-6 . °

" du |
_cette thise ¢t de préter ou

- o~
M

J (

L autorisation a été accordée
3 la Bibliothdque nationale
‘Canada de microfilmer

de .vendre des- exemplaires du

~f11m.

4

'7&'auteur (titulaire du Ar 1t"
."d'auteur)

" se ‘réserve: Y
autres droits de. publication,

ni. la ‘thdse :ni de longs
extraits de celle-ci ne
doivent étre’ imprimés ou

-autrement reproduits sans son

vautorisation 6ctite.

A

. }.‘D.



W \ T THEUNIVERSITY ALBERTA "" .
R o RELEASEFRM ¢
NAME OF AUTHOR Kenneth B. Muldrew - \j. : ‘ |
TITLE OF THESIS "Mechanisms of Intracel{ular Ice Formatron During
Rapid Coohng" | ' 1 |
. DEGREE: : - . Ma;ter:)f Screnceﬁ o ‘

"YEAR THIS DEGREE GRANTED Fall 1988

- Pernlissiou is“hereby granted to THE UNIVERSITY OF ALBER'fA:' -
LIBRARY to reproduce smgle copies of this thesis and to lend of sell such
"co ies for pnvate scholarly or scientific research purposes only. ,
| E The author reserves other publication nghts and nerther the thesis
nor extenswe extracts from it may be pnnted or otherw15e reproduced w1thout :
the author s written’ perxmssron i‘ :

(Slgned)

@

- - : Permauent Address: 3843 112A St.
P . _ : Edmonton, Alberta
S ' - TéJ 1K4

Date Oc*aé(’r 7, /(’138 : o . ‘ : ’» . ; h




v~

\ to. L

Y BT WU U ,‘,:‘.‘.?’T"‘fﬁi',"‘t“'=,< s

eI B SIS S T AR St e S s SRR

ST I THE UNIVERSITY OFALBERTA |
*  FACULTYOF GRADUATE STUDIES AND RESEARCH

The undemgned certlfy that they have read, and recommend
to the Faculty of Graduate Studies and Research for acceptance,
*a thesis entitled MECHANISMS..OF INTRACELLULAR ICE
FORMATION DURING RAPID COOLING submitted by

: Kenneth B. Muldrew in:partial fulfilment'of the‘requirements

- for the degree of Master of Science in Expenmental Pathology.

o ey

_ (Supemsoﬂ

| Date: OToker 5, '67%‘3%



,v“’;,’ LA B E N n LT T T ¥
. S L ¢ o S .
s ¥ . : e .

0 s .
L . . .
ABSTRACT ' -

o ¢ T - i . ’

S et e 5 M o i R BRI S BT

P . 3 .
R '.s:.r‘r B b o) e ‘:.'..:; frhat ::t:zf;i‘.’I.é‘::l;‘::

e

When cells are frOZen at’ very rapld coollng rates, ice forms in the

mtenor of the cells. This phenomenon wrll nOt oceur when coolmg is

'et,f{;slow as. the cells remain in osmotlc equlltbrmm with the extracellular

'unfrozen fractton Currently, there are three hypotheses whlch describe

1ntracellular freezing; these theones have been cr1t1cally analyzed and,'

found to be unable to *explain the results of the experlments that were

carned out. A new hypothesxs is put forward to explam the phenomenon

,Qi xntracel,lular ice formatron during rapld cooling.

~,  The fi'rSt 'theory of intracellular freezlng holds that critical
\ )

supercoolmg of the protoplasm leads to spontaneous nucleatlon It was
foundr that less. -supercooling was required to cause 1ntracellula\r

freezing as more cryoprotectant was added to the sample. The cells

‘should have formed intracellular ice at the same degree of supercooling -

regar_dless., -of__the composrt-roa—ofwthe bathmg»--s—o—lutron The second'
theory asserted that when the minimum radius of growmg ice crystals in

the extracellular space’ matched the radius of aqueous pores in the cell

membrane, then these growmg crystals would ~move through the pores and

nucleate the protoplasm It was fou-nd that when cells are cooled at a

- constant rate, the temperature at whxch 1ntracelfular 1ce formed was

mdependent of. the coollng rate. The geometry of ice crystals ,is_'

strongly dependent on coolmg rate thus the theory does not explain the

,observatlons The ~ third hypothesxs stlpulated that electrical

t’ransrents at the ice 1nterface could cause the plasma membrane to

;rupture fﬁereby allowmg ice from the extracellular compartment to

v
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' 'ﬁxperi'ments were performe i "

‘ which the velocity of the ice: interface was m"?sured (the magnit e of

electrjcal transients is proportionai to the ice ifiterfdce velocity) andﬂ

compared with the ﬁegree of lntracellular freeztng that ocur:ed under .

,these conditions.  The velocity of ice interface whlch yxelded 50%

intracellular. freezing vaned sxgmftcantly for Yanous concen’tratxons

of cryoprotectant S

\ LA hypothesis consistent thh the observatlons s proposed in whxch

the plasma megnbrane  is ruptured when a crmcal gradient in osmotic

pressure across the membrane 1s eXceeded and the protoplasr;l is nucleated

. by extracellular ice. . o
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11 Ltfe at Low 'I‘emperatures a

The study of cryoblology is the exammatxon of life at ;low

. temperatures, low temperatures bemg those 1n whlch water exists . as a

who among us does not wonderx

. hves are over.

- a future in whrch we can actually travel t',ﬁ :

",ﬂSOlld Wrthout 11qu1d water life as we know 1t does not. exist. There
s, however a pecuhar phenomenon whrch can occur when living materlal\
_1s frozen' hfe can be susperﬁied That lS, life can be. resumed when
"returnéd to temperatures above O°C The bxologlcal clocks which control'

:'".hvmg organxsms from b1rth to death can actually be stopped and then

started agam at a later physrcal trme as 'If no real tlme had passed at

\

“all. Thrs is surely one of the moStj, fastrnatmg concepts that can be

',presented to -a life form whtch lSvgiCQIl,SCl‘OﬁS .of 1ts own mortahty For.

( B

-th'e‘ future ‘(ay, there’s the .

" rub). The prrnc al d1ff1culty hes 1n the fact that to be frozen you

have to get there frrst ~and gettlng there 1nvolves travellng through

f physrcal envu:onments whrch are. very hostlle

Irvmg things. Thus <1t '

is not the act of berng frozen but the p«ocess of freezmg (and

thawwg) whrch must be overcome before these promlses are reahzed

Cryoblo,logy 'is the scrence devoted to dlscovermg the responses of

11v1ng thmgs when they are placed in this zone that hes between actlv'e '

"hfe and suspended hfe P,resently, it is only" possrble to preserve

single cell suspensrons and srmple tissues at low temperatures "The

e



’ occurs durmg freezing and thawxng t | \ / Y ‘\ )

1.2 Obje'ctives and Tools
The obJectlves i this thesis are to probe into ‘the events whlch‘
occur when. cell suspensmns are. cooled raprdly a procedure whlch'
usually results in the formation of\ 1ce crystals 1nsrde cells. _This “
oceurrence 1s typlcally related to lethal xnjury of the cells (1t has’i
béen hypothe51zed that ‘a small amount  of 1ce m51de cells is not‘
necessarlly lethal) rendérmg the use of rapld coohng unacceptable in
‘vprotocols whrch are de 1gned for the low-temperature preservatlon of
vblologlcal materrals l. ‘order to design methods for- avordmg 1njury'
.durlng freezmg, it is ne/cessary to understand how that 1nJury 1s caused
"in the ‘f1rst place» This study focuses on the nature- of 1ntracellular—~
ice formatlon how it forms and what is the damage associated with 1t
‘This is not the fll‘St time that.these 'questrons have been addressed and
naturally, theorles of the cause of 1ntracellu1ar ice and its related
.'_m]u_ry do exist. These theorres will be addressed 'm this the51s and“'
‘tested ex rlmentally The end result w1ll be ~a -rejection of the
present theorles and the proposal of a new theory Wthh better conforms o

B

o to the expenmental evrdence | S

The prlnc1pal tool whrch w1Il be used to examlne the. nature of
lntracellular freezrng w1ll be , ,h : cryomlcroscope : Although _,,the
‘-freezmvg process has been - v1ewed mlcroscoplcally for almost two

__,‘c,enturies_, ‘it has not been until - recently that the technology of



.,.cryomicroscopy has evolved into a sophlsti*;ated to‘l whrch allows.

: controlled experiments to be carned out to study the fr\eezmg of llvmg L

o | ‘
- ttssues. Recent advances in mlcroelectromcs, video | and computer

technologres have led to the ‘"éon tﬁtctton of excellent general purpose -

cryomlcroscopes whose potential has y’et to be fully tapped 3 | f
. , ‘??t‘

Untll lately, the study of cryoblology was mainly limited to}(

v1ewmg samples before and after freezmg wh11e the events whlch{
oecurred durmg freezmg had to be’ presumed Ingemous exper1ments had
to be de51gned 1n order to . dtscover what was happemng ‘during the
f,freezlng process. The exact nature of the events that occurred dunng

freezing itself could only be 1nferred féom what could be observed

- before or after Now 1t is opOssrble to actQ‘\ally watch cells as they are’ -

__frozen and thawed under a myrtad" of possrble condmons (earher

Jcryomlcrosc0pes al only crude control of the freezing env1ronment)

The general purpose mature of these rece developments means that it

will be some time before the pOSSlbllltleS ‘are exhausted. ThlS new,

technology is just. begmnmg to be exp101 ed in our search for the -

responses of 11v1ng things to low temperatur s and it is ‘rovmg very :

useful

1‘.3‘ Cellular' Responses to Low Temperatures
. The principal pornt explored by thts, the51s relates to the cause of

intracellular freezmg durlng rapld cooling. When cells are fronen at

‘»relatlvely slow coolmg rates, 1ce first forms out51de the cells Smce

- ice consists of pure water the solutes that are ~present in the SOluthl’l

‘become concentrated in the unfrozen compartment This pres»ents an

..

C



B ‘osmotlc stress to the cells’ causmg them to shrlnk in order to- maintain &

osmotxc ethbnum.‘ As the temperature drops futther, more ice 1s R

4

formed and - the solute concentratton mcreases proporubnally =\-»If

cooling is slow enough that - osmotlc equrlibnum is maintained, then no

ice will form‘mslde the cells. They will dehy“ate»to such an extent

that no freezable water/ Is left inside If cooling is sufficiently

I

rapid, however, 1ce will form ms1de the cells It is thts event whlch )

will be dtscussed and a‘th ry developed in Whl?h the formatton of

1ntracellu1ar ice is a result of the rupturmg of the plasma membrane

when the osmotic‘pressure gradient across the membrane reaches a

critical level.. This allows ice from the extracellular cornpartme‘nt to

nucleate .the' protoplasm. - This -is a novel theory d‘escri‘bing' - the

: formati‘on' of intracellular ice and it will be shown to be the best one

&

that is “currently available.

’

14 Expenmental Approach

In order to prove this hypothesxs, 1t is necessary to show that a .

'correla ion exists between the ‘mag 1tude of the osmotlc pressure

(cooling them below the1r frcezmg point in the absence of 1ce) t
s degrees on the cryomlcroscope and then mmatmg tce formatton
. art1 1c1ally _This allows the osmotlc pre‘ssure gradrent to be

'cal ulated as the osmotlc pressures inside aﬁd out81de the cells can be

a?‘

calculated. = This expenment will also be used to provxde ev1dence ,

ainst current theories of intracellular ice formation as will an_' ‘



which cell mpensioﬁi_

. fema "are cooled at'a co;"‘itam "i'ate
','Jlice/ formetion”being initiated before this constant coj"f"*ng is started”

.Just below the freezing pomt ot' the solutxon) The ’next step is to*'

| “",show that, the plasma membrane is ruptured in cel}s which have frozen |

| ) mtracellularly ‘but’ not in cells whlch have expenenced 1dent1cal
conditions without ice formmg 1ntracellularly4 Then it will be shown.
that a hrgh osmotic pressure gradrent can cause the plasma membrane to
_rupture in cells which are not exposed to ice (neither mtracellularly
" nor extraceflularly) These novel expenments will provide compellmg
evidence to accept the osmotic pressure gradlent theory of mtracellular

freezing.

. 14
- | &
" -



2.1 Introduction . -

To: begin the thesis, t_he,rerlevant literature- has been reviewed with
a focus ‘on intraceilular freezing and cryomicroscopy. Although the vast
majori}t'y} of the cryobiology -literature deals with approaches and
techniques for p’reservihg cells and tissues, the rev‘iew presented here
‘.deals‘ almost exchisiveiy with theoretical aspects of the freezing _of
living cells and ihe use of cryomicroscopy in the search for such
theories. The information s presented chronologically as this approach:
best allqws the origins and development of »cryomlcroscopy and
f cryobiology to be traced and the effects that each had on the other

L4

| illustrated.

.

‘The origins of the modern science of cryoblology lie tightly @
- »mtertwmed w1th the advent of cryonucroscopy In the early part of the
nineteenth century, German botamsts began wondermg about the nature of
life and death at low temperatures. They first took their mxcroscopes
outside in the winter to observe what happened when, ice formed in living
-ttssues From these observatlons grew the app{c;zxon of the screntlfnc'

'_method to the study of life at’ subzero temperatures

\J

22 German Botanists ,

In 1830, Gpeppert first observed plant cells during ‘freezi'ng-by‘
taking his mxcroscope outside durmg the winter and observmg tlssues as
“they cooled 'to reach the outside temperature He r;futed the view of

_earlier botanists (Duhamel, Senebier, Fafn),' th\at freezing death is



eaused by lce forming end expandlpg inside cells thereby tearing and
rupturing them. Far from thl‘s,, Goeppert observed ice forming between

cells - not inside them 3- causmg the cells to shrink 'as- a result of
| dehydration Goeppert was probably among the first people tb\actually
observe ice in a living tissue. The vww of earlier botamsts was based”'_;.,'_
on observations of the mcredtble forces that could be generated when
water froze (the expansxon that accompames ice formation ~can easxly’

l‘ia.breale large rocks) Goeppert’s observq,nons must have surely come as |
| quite a revelatlon for they indicated tﬁat it might be possnble to

preserve life by freezing (7).
‘ ¥

Sachs, in 1860, put his microscope in an open window when the
outsrde temperature fel'l tg.‘ai,bout -5°C or -6°C and also observed plant
cells during freezing. He conftrmed Goepperts observatrons that ice
only forms in the mterstmum (the spaces between cells) and causes
‘dehydration of the cells His observatrons led him to believe that
~cells die on thawmg, not freezmg, and that slow thawing mlght allow

cells to survive (28).
»

-Mﬁller-Thurgau tfurther advancing the techniques of cryomicroscopy,
placed hls microscope in an ice box containing a salt- water -ice solution
to observe freezing in plant cells He nottced that the tissues needed
to be supercooled in order to freeze and that when they could be held
below 0°C ln the absence of ice no damage resulted upon rewarming.
Refuting Sachs belief, Muller-Thurgau showed that ‘the rate of thawing
was of little or'no consequence to ‘the sttrviv.al'of most plant "ce.lls. He

.argued that cell death was a result olf dehydration caused by the




bt

L}

* bath in51de. In the center was another box .;

oo

formation of ice anﬁ“’;as able to shox'ir .that the 'mjbrlty' of water
contained in tissues had become ice by-the time lethal temperatures were
"reached (23). . l o

cryomicroscope - a microscope desxg "'-‘~
speclmens durmg freezing. Smce ’t;“ ., 15 a landmark event- in

cryomicroscopy, - xt is worth de “‘,

detail. It consmted of an ‘~4‘c,:1; W0 OB ‘ox with a salt-water-ice

ntaining the microscope.

Panning of the stage and focusing was a¢compli§hed by controls which

extended to the exterior of the outer box. The entire apparatus was.

covered with a lid to further insulate it (with an opening forglight to

enter). A thermometer bulb was positioned beside the sample to monitor
v ' T

- temperature and a relatively constant temperature of about -10°C could

easily be maintained for several hours in a room temperature of about
5°C. The température of the sample could be precisely controlled byv

i

varying the c0mposxtmn of the solution 1n the ice bath (22).

Using th;s cryomlcroscope Molisch confirmed Miiller \Th‘urgau’s
finding that w1th'progresswely lower temperatures, a greater amount of
.ice is formed. _He also found that leaves which were partially
dehydr,at_ed before ffeezing suffered less damage than normal léaves ‘after
a ffeeze-thaw cycle. He proposed that the concentration of solutes in

the protoplasm could be toxic or could lead to reactions or precipitates

" which would be toxic (22).



 that ice could be formed in the lntor;tl‘tiuxn‘ of doff ‘uds an'df‘ caysed-

the tells to be almost totally. dehydrated,.

ese cells “survived
freezing and thawing dc%pite the fact that Mollsch’ hcbry of chemical
toxicity as a result of dehydratton predtcted that |

ey shv‘ould have
dxed (38). - ‘ . e .

. 2.3‘ Developm'ettt* of the nyostage- a | \ ‘ |
In 1918, Schander and Schaffmt bullt the f1rst cryostage, a
Spocxally desxgned mlcroscope stagc that allqwed observatlon of freezing
events which could be mounted on a normal microscope: " Cooling was
accomplished by passmg compressed carbon dxoxxde through ether and
c1rculat1ng it through channels m the stage. ThlS apparatus was able
to achiever rapid coolmg down to about -30°C (29). In 1931 Chamot and
Mason improved upon thlS concept and designed a sophisticated stage for -
- observing chemical phenomena. They circulated a oold liquid through -
channels in a solid metal block. In the center of the block, .a oylinder
was removed and a glass slide was placed over the top. The sample was
mounted on thi'sglass slide and a thermometer bulb was inserted into tlli"
cy‘lin'der to monitor température Although they did not 1mplcn'ént it,

they suggested that more accurate temperature readings could be made by

placing a mlcrothermocouple on the glass slide (1).

2.4 Intracellular  Freezing
By this time, the study of cryobiology had spread far beyond the |
domain of the German botanists although it was still primarily the

concern of plant physmloélsts - In 1936, Levitt, studying the



phenomenon of frost hardening (a process by which soma plants can cbange
the oom,position of their cells in<order to survive freezing) pi'oposed a\
mechamsm for the formation of intracellular ice. Thxs theory stated
that if coohng was rapid :nough a cell could not n;aintam osmotic
ethbrium thh the extracellular environment. This would cause the
protoplasm to bdcome supercooled and the probablhty of nucleation would
increase. At a certain degree of supercooling, nucleation of the

protoplasm would become likely and ice would form inside the cells (10).
' )

; I
At about the same time, Stuckcy and Curtis used a modxf' ed version
of the Mason and Rochow (16) stage to observe plant tissues during

| freezing. A combination of ether and élry ice was used as the coolant

and the objective lens was also cooled with .dry ice to prevent it from
warming the sample. Nucleation of ice in;the sample was accomplished by
tapping the cover glass with a dissecting needle that was pre-cooled in
dry ice. They,were a‘fso studying frost hardened tissues and. noticed
that hardened plant tissue froze intraéellularly at much lower
temperatures than non-harder;ed tissue. ‘They were also unable to
demonstrate cell death (as a result of freezing) in the absence of
intracellular ice formation and even went so far as fo say that this

effect had never been proven. They‘ concluded that freezing death to

czlls was solelyv due ‘to 'intraé'ellular ice formation (37). -

2.5 Early Theories of'Freezihg Injury

When Luyet reviewed the work’ that had been done up until this -
point, he proposed that in order for cells to survive freczmg, the
protoplasm must~ vitrify (13). Vitrification is the process of

/



',trnnaforming a Hquid lnto an amorphous glass solid. avojding the
crystalline ' state altogether. In order to. vitrify pure water, small
droplets’' must be cooled extremely rapidly; if solutes are added,
hqwevcr, the process can occur much more readily. At this time, four
major. theories of freezing injury existed:
1. Chemiga] effects of dehydration :"concer,xtratio.n of cell sap
is toxic or toxic precipitates form on dehydration. Miilder-
Thﬁrgau, MoliSch. (23,22) | |
2. Physical effects of dehydration : Rapid dehydration may lead
to tearing of the plasma membrane. Chandler and Hildreth. (2)
3. Mccha\é:tl force of ice outside cells.: cells are crushed,
torn or lanced by the extracellular i ice. Iljin. (9)
4. Mechanical force of ice inside cells : I‘ce'Q destroys the
cellular orga.nizatibn» an\a contc:nts;S Stuckey and Curtis. (37)
26 Low Terfiperature Preservation |
In 1949, one of the most impértant papers in the history of
cryob‘iOIOgy was published. Polge, Smith and Parkes described how the
addition of glycerol before freezing z.illowed‘ bovine spermatozoa to
revive after thawing from -79°C‘(27). _This stimulated an end’rmous
qmouanf interest in the field as the implications were very clear:
life could be‘preserved at low _Prﬁperatures This heralded the
beginning of a new phase of cryoblology in which the quahtatxve
observation of events during freezing became less 1mportant and the
accomphshment of con{rolled experlments with quantitative 'results‘-
became .more predominant. Attempts were made to successfully freeze and ‘

thaw many different cell types by adding glycerol as well as numerous



" other solutes. .

27 Developments in Cryomicroscopy

The same group thai made this discovery continued to advax:ce the
state of cryomicroscop); in order w elucidate the mechanism by which
glycerol provided its protective action, Their first atteinpt consx&ted
of 'a perspex slide which had strips~ of copper extending from either
side. o By immersing the copper strips in elther liquid air or warm
water, they could control the tempcrature of the stage. A copper-
constantan thermocouple was placed beside the sample to monitor
temperatpre and a film of glycerol was spread over the coverslip to
avoid fogging (8). This stage was later redesigned with the majh body
being a piece of brass with a cylinder remoi/ed from the center. |A glass
slide was placed over the cylinder and a small groove was cut\ in the
slide to allow the thermocouple to be ed under the sample. eating
coils were wrapped around the 'grass to facilitate rapid warming MZ)
With this equipment they found thAt avoidance of ice in the
extracellular space is not a requirement for freeze ihaw survival and

- that C\Wted with glycerol mey avoid intracellular freezing by
vitrifying due to the glycerol inside the cell (33).

2.8 Lyotropic Effects of Solutes on Red Blood Cells
At about _the same time, Lovelo\ck, working with reda blood cells,
hypothesized mechanisms for both the nature of freezing damage and the
A protective action of glycerol against freezing damage. He fqund that
during freezing,‘, the cells were exposed to very high concentrations of

electrolytes as these solutes were' excluded from the ice, matrix. He



" srmllar concentratlons of*electrolytes in- the absence of 1ce

hypothesrzed that these electrolytes" had a lyotroplc effect on“' he.‘cellt o

‘* cause lysrs upon dllutlon to’ 1sotoh1c condttlons By exposm

ke

‘,\ "6

v*y;i'that the cells suffered 1dent1cal damage as durmg freezmg He ‘ also.,, E

3.,hypothesrzed that mtracellular ice yvould cause a hlgh conce\___

o rntracellular electrolytes to act m the same manner (11) Lovelockv

\,_,"_proposed that the protect"ve actlon of glycewl was due to. 1ts ability

“V‘v"":ju':to buffer the electrolyte concentratlon durrng freezmg (12) D__ue to

'}.vthe colhgatlve propertles of glycerol m solutlon it reduced, '~theg7"‘

" electrolyte concen&.ratlon at’ a glven temperature "~’?
B 9 : - PR ,
': 2.9 Cryormcroscoplc Observatron of Red Blood Cells B

In the late f1ft1es Luyet and Rapatz desrgned a srmple but

o efchtlve stage for observmg red blood cells durmg freezmg The cell

'wcells to
‘he, found L

ration of

A

suspenswn was placed between two covershps wh1ch were sealed w1th'

vaselme Thrs apparatus was - then 1mmersed m a prezgooled alcohol bath
".on the mrcroscope s,tage and the cells were. observed as. they cooletto,
the temperature of the alcohol (14) They used t%%s stage to make’
several observatlons on the behavror of erythrocytes dur1ng freezmg,
L,!Immersmg the cells 1nto alcohol at -20°C caused the cells ‘to rapldly

: 'hemolyze on rewarmmg, they thought that thls was due to mtracellular

freezmg but could not e‘dnflrm 1t Immersron of the cells 1nto alcohol'
at -3 C d1d not cause lys1s ‘upon rewarmlng desplte the fact that they

had observed the cells bemg squeezed through narrow channels in the 1ce

matrlx If hawever the cells 1mmersed at -3°C were then subjected to

s

b



dur g’ ,ewarmmg (15)

"2 10 Analytlca.k'Model of Freezmg Injury _

Mazur, ﬁl 9:63 took a new approach to the problem of freezmgf
' injury by constructmg an analyt1cal model of the cell’s response to
]freezmg He developed &quatlons to describe the kinetics of water“

‘movement out of cells’ in response t0f the hyperosmotlc unfrozen fractlon

a He reasoned that it vms necessary to keep the cells close" to OSInOth |

'equlhbrrum in order to av01d 1ntracellular freezmg - Mazur also~_ o

: proposed a new. theory of the mechamsm by whrch mtracellular ice forms -

 he felt that at a certam temperature ‘the _radlus of ..advanclng ice

crystals in the extracellular compaml yvaS' small enbugh to travel

) (_17).

2. 11 Mlmmum Crxtlcal Volume Hyﬁothesns of Freezmg Injury

In the late 51xt1es Meryman demonstrated that .non- penetratmg'
solutes other than electrolytes -could cause damage 1o cells durmg‘
freezmg and thawing (21). . ThlS was opposed to Lovelock’s theory of the
| -lyotroplc effects of electrolytes (11) Meryman proposed ‘the minimum
"cr1t1ca1 volume hypothesrs Wthh said that a cell can only shrmk to a
‘certam minimum. volume If the osmotic stress goes beyond what 1s'v.~
necessary to reach that volume, then an osmotlc pressure gradlent forms

-~across the cell membrane Wthh causes damage to the membrane resultlng

1n lysr ‘upon dllutlon to 1soton1c condltlons (21)

.'\



."‘5" “'5Followmg*» tl!ifs“ Mazur arrd”
-‘ ,hypothesrs of freemng mjury They sard that at slow coolmg rates,
cells were damaged by solutron effects the altered composrtton of the-
,solutxons both 1ns1de and outsrde the cell due to the forrnatlon of 1ce
provrded an mjurlous “insult to the cell They ‘did not attempt to'
explam the ‘nature of damage at the molecular level but merely noted'
that 'there was a damage and ‘that it was caused by the altered
»_composrtlon of ‘the solutlon due to ice formatlon At raprd coolmg'
rates, They proposed that cells are damaged by 1ntracellular ‘ice‘
'formatton and recrystalllzatron They were able to show that a hlgh
proportlon of rapldly frozen cells could re\cove\r if they were thawed =
'irapldly but not if thawing was slow From tlSthey inferred that
.:recrystalhzatlon of intracellular ‘ice was the event which provrded a

lethal 1n3ury to the cell (18)

T

2. 13 Com;ﬁter Controlled Cryonucroscopy

In the early seventles Diller and coworkers applred the rapldly‘,
}emerglng mlcroelectromc technologres to the control of a cryomrcroscope‘n
stage. Using a  computer to. control the temperature allowed
sophrstlcated coollng and warmmg protocols to be used (3). This was a
J major advance 1n cryornrcroscopy as. it allowed a wide variety* of
experiments to “be carrled out whlle also allowmg observatlon of the

cells dur1ng these expenments Reahzlng the tremendous potentral of

o 'the emerglng technology, they also put the computer: to work analyzmg

_the rmages that were recorded usrng the cryomlcroscope Usmg d1g1ta1

frltenng and pattern recogmtlon techmques they were able to program =

eoworkers proposed the two facto



il computer to- automatlcally recogmze cells m an 1ce matrax and measufreffﬁs
the volun;e of the cells (4) By applymg thxs methodology to successwe
lmages, the osmotlc response of a single cell could be traced throughout,

the fre ezlng process

€ .

2. 14 TSAI Theory of Slow Coolmg In]ury .

- In 1978, Steponkus mtroduced a new theory descnbmg the mechamsm‘
.of ‘injury that‘ accompam&es slow coollng"- _whrch stlpulatedﬁ that the
relative increase in the. surface area of the plasma membrane, “upon
o thawm‘g, was the important fac!or in understandmg the . mechanism of’
damage He postulated that when cells shrink in ;sponse to the
| hyperosmou?’l\extracellular solution, somie. of the membrane material may . ’
actually be lost in the form of vesicles which split off from the
‘membrane ‘Upon thawing, the dllutlon stress forces the cells to expand
to their prevmous isotonic volume Slnce there s not enough membrane |
material left to allow expanswn to this size, damage to the ‘membrane
results. \\'I"o qu'an‘t‘,ify-t'he response, Steponkus used the tolerable-: surface
tarea.‘ lncrement, a measure’of how much expansion “in the cell’s .su,rface

 area could be t_olerated before fnjury occured (36).

2.15 Intracellular Ice aslL :‘ConSeqtience of Cell Damage' |

' Using a sophrstxcated cryomrcroscope W1th phase contrast OpthS
Steponkus and Doﬁrt were able to observe ‘ruptures in the membranes of
. plant protoplasts 1mmed1ately before mtracellular freezrng (5). They,
: -proposed that 1ntracellu1ar 1ce formatlon was a result of damage to the
:-cell membrane after rupturlng of the plasma membrane 1ce ‘from thel

extracellular compartment was able . to move ~in to nucleate - the




va'l 4 \
nsupercooled mtracellular *eompartment

Thus tntraeellular t‘reéﬁfﬁg Was:’w

" seen as a result of damage to the cell rather than a cause (34) To;

‘explam the mechamsm by which the cell membrane mlght rupture durmg
‘raprd coolmg, Steponkus proposed .the theory of freeze- mduced
electrical transrent-s (35). | Durin'g‘ freezing in .dilute aqueous,.'
| _solutlons, large potential drfferences between the ice and solution canf
exist due to the Workman-Reynolds effect the ice phase preferenually
excludes one sign of charge creatmg an electrlcal pgtentlal at the
¢|nterface ‘The magnitude of the potential produced depends on the
velocxty of the ice mterface thus durmg rapid cooling, 1t could be

large enough to cause an 1njury to a cell membrane (35).

o

2.16 Summary of- Current Theorles of Intracellular Freezing
Thls brlngs us to the present tlme 1n which there are three major”
theories to explarn the formatmn of mtracellular 1ce during rapld'

coollng The first is Levrtts 1dea of exe e Supercoohng of the

prot0plasm allowmg nucleation of the intracellular compartment ThlS
theory proposes that if coolmg is suffrcrently rapid so that the cell
-c‘annot maintain osmotic equllrbrrum with the extracellular env1ronment
the protoplasm w1ll become supercooled When this supércoohng reaches" .
-a_ critical magmtude, mtracellular freezmg becomes hkely The second
‘is Mazur’s theory of extracellular ice crystals propagatmg through
aqueous pores in the plasma membrane. - This hypothesis holds that at a
certain temperature the minimum dlameter Of advancing. 1ce crystals is |
smaller than the aqueous pores in the plas/ma membrane and the ice can

move mto the intracellular compart}ﬁent. The third is Steponkus’_



: ;-ui-;hypothests that mtraeellular freozmg ~a ‘result- of a rupture;(:-s in: *hhe
) .cell membrane whrch is caused by ewtrrcal transrents at" the e’
"1nterface. These electrrc:l ‘transients: ca\, cause the membrane “to’
rupture 1f ‘they reach a crltical magmtude thus allowmg ice from the

extracellular compartment to nucleate the protoplasm



31 Equipment o o ,,‘;3-‘:',

3. 1 (a) Cryomlcroscope Stage
. The cryomicroscope stage developed for this study 1s a convection
stage based on the deslgn of Diller et al 3, 30) Refermg to figure

3.1, the central foundation consists of a block of plexlgl&ss ‘with a

' cyltnder removed from the center This matertal was chosen because of

its low coeffxctent of thermal expansron and the ease with Wthh it can

be obtained and worked with. . An intake port allows__ dry nitrogen’ gas to

enter ‘the cyllndrlcal chamber and two exhaust ports allow it to extt.

after turbulent swirling. There is a ‘glass’ slide covermg both the top
and bottom of the cylmder the sample bemg placed on ‘the top slide.
This slide is cooled by convection from the nitrogen. The bottom of the

fupper glass slide has a transparent metal ‘oxide coating whtch is used as

. a resistance heater by passmg an electric current through it (the

maximum heatmg power is ten watts). A 0.001 mch copper constantan
thermocouple is mounted on top of the slide in transparent epoxy with a
number one cover sllp on top of it. The heating is controlled by a

proportlonal controller circuit which is .connected to a microcomputer.

The ‘compu'ter monitors the temperature by analyzing,the voltage from. the

‘thermocouple and adds heat. as necessary to allow the stage to follow a

)

user programmed thermal protocol.' Figure 3.2 shows a photograph of the.

_actual stage-used in this study.

19
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cooled by convection from nitrogen gas and warmed by passlnz an electrical

current through the.metal oxide coating on the resistance heater slide.



FIGURE 3.2 .

Photograph of the cryomiéroscope stage. The plastic bag covefing the
upper portion of the microscope is pulled down during operation to trap
the dry nitrogen exhaust which prevents fogging of the optics.



o (b) t",‘optrol Sofiware
The software which controls the stage ‘was develdped‘as a general'.
‘purpose'prcgfim which allows any éooling or warming protocol to be
specified by the user. The thermal convention is specified in discretd
steps: eacb ;tep consis;ing of the cooling or warming rate (igx °C/min)4'
- and the temperature at which to pass control to the next step. As many
L‘)as thirty steps may be defined for a single protocol. Once the protocol
has been entered, the program begins polling the thcrmocouplé 2\00 times
per second. The thermbcouple temperature is compared with the ide;al
temperature (the tempcraturé that the stage should be at in order to
follow the prescribed cooling rate) and the appropriéte proportional
control signal is sent out fo either add . heat or turn off the heater.
This signal consists of a number from zero to fifteen and is
proportional to the difference between the measured and the ideal
temperatures. The heating signal is also sent 200 times per second.
Once started, a protocol may be suspended or changed at any time.
Figure 3.3 shows a flow chart of the program which controls the stage

illustrating the decision processes involved. .

3.1 (c) Cryomicroscope Operation
The operation of the -cryomicroscope is reasonably straightforward,
_howgver, it still requires é certain amount of skill and practice in
order to be reliable and effective. The greatest- source of difficulty
ligs in the control of nitrogen flow to the stage. This is accomplished
..bya manually operated valve on a nitrogen dewar. The operator is
","'r"esponsi'ble for monitoring the amount of current flowing_through the

heater and adjusting the nitrogen flow to maintain a current of about
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- FIGURE 3 3

Flow dlagram of the compnter program that controls the cryomicroscope
stage. The temperature of the sample s checked ‘and the appropriate action .
taken/at a rate of 200 times per second. B
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100 m Ljlldamps. This allows sufficient headroom to keep the temperature'
accurate (the current must be between 10 milliamps and 200 milliamps to
ensure linear tracking). The reason for this manual control is. due to
the low power of the heat-er which is a consequence of the high
resistance in the metal oxide coating on the glass slide. vAfter a
certain amount of practice, an average person can comfortably operate
the étage at cooling rates of up to -200°C/min. Cqoling at this rate -
can only be followed to about -50°C although Sluj r rates allow the
stage to "be taken down to -150°C. The maximum warming rate is about
SOO‘C/min. These limitations are inherent in the desilg'n and are
"pfimax;ily due to the high resistance of the metal oxide coating.
Although these limits.could be a severe handicap Wlmn working with

certain types of cells, they did not hamper these experiments as they

were instrumental in determining the cell type which was used.

To observe cells on the stage, a two micro liter sample is placed
on top of the glass slide and a cover slip is applieg’” This provides a
thm film which minimizes t,hermal gradlents and limits the movement of
cells. Due to the expanswe properties of ice, a sample volume any
greater than two yl can lead to the moyement of cells before or after
freezing. - The field of view must be kept within 0.5 mm of the
thermocouple junction to ensure that the teémperature of the cells being
obsefved is consistent with the orogrammed temperature. The events are
recorded on video tape with a time-date generator overlapping the time
onto the video 'signal. The time at which a protocol is started is

recorded 'so that the time on the video can be used later to determine



‘ i[tiaie lce
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thertemﬁeiamre at any given location on the taps. Tp‘

formation, a copper wire (pre-cooled in liquid nitrogen)* held jnst
:above the edge of the cov€rslip, away from the field of view so that it
does not —affect the temperature of the observed sample To counter
frost build-up on top of the coverslip, the entire stage is enclosed in
a plastic bag. The dry nitrogen.exhaust from the stage purges the area
p-f moisture and r‘juccs fog and frost that can accumulate at low
.tex‘r;peratures. All observations mad'ei in this study“w were under 132x

magnification using a 40x objective lens and a 3.3x ocular lens.

3.2 Biological Materials ‘

All experiments used EmT6 mouse fibroblast cells grown‘in ‘tissue
culture exclusively.. These cells were chosen primarily because they
respdnded well within the: limits of the cryomicroscope. Intracellular

freezing occured at cooling rates less than -200°C/min allowing the

e

phenomenon to be st}udied with the existing equipment. These cells were -

also readily availabl@ and .easily maintained. The cells were grown in

monolayer in rmmmal essential media with 2SmM HEPES buffer and Hank’
salts; this stock solution was xgodlﬁed to also contain 5% fetal calf
serum, 0.4% sodium bicarbonate, 100 yg/ml pemc1llm/streptomyc1n and
2mM L-glutamine. The cells weré harvested every thréé days by
trypsinizatjon and transferred to fresh media. Cultures of these cells
laSt only for about four mbnths; after which morphological changes in
‘the, cells become apparent: the culture becomes over-run with small cells

with altered permeability parameters. A stock of frozen cells was used

to create new cultures every four months although, it should be noted

that each new culture had slightly different permeability properties

' -



despite the' fact that they ‘were thaw:d from the same sto&‘~ Because of
this, no slngle experiment was carried out: using cells from more than
one culture,” Cell suspensions collected after trypsinization ‘were
immediately placed on a shaker in a 4°C refrigerat\r The cells were
h~us:d within four hours of collection; any remammg cells were

discarded: “

. 14
* ,
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3.3 Solutions:

In the experiments, it was necessary to expose cell suspen§ions to
various‘concentrations of dimethyl sulfoxide (DMSO) and glycerol. Cells
* had to' be placed in solutions with DMSO concentrations of 0.5M, 1M, 2M,
3M, 4M and SM and glycerol concentrations of 0.5M, 1M and\2M, however,
the concentration of other solutes had to be constant (1x or lsotomc
concentratxon) in each suspension. To accomphsh thlS the following
solutions were prepared which could be added to cells suspended in TCM
in certain proportions: .

4M DMSO in 1x MEM: s )

28.54ml DMSO
+ 10.00 ml 10x MEM o
+eldoml dH20 L
©100.00 ml - .

-

* gM DMSO in 1x MEM:

- Bt
v +«1&m dH20

=~ 10000

S =



4Mglycerolm1xMBM:‘

“‘*'+\I’0‘00 ;;,-; ”NIEM .‘ R @
+6.0JZm1 dH20 - |

)-"'L“

Sy 10000 ml

Y'For certam experlments, the kmetlcs of agdmon of these solutlons was

crltlcal wh11e for others, it was only necessary to bring the solutlons
u@ to a certam concentratlon w1thout 1ncurring any damage to the cells', '

as a result of the addmon of DMSO or glycerol For the experunents in

o whlch the latter method was used the followmg protocols of addmon of 4

- .the above soluuons was employed (1n each case the DM§9 or glycerol
. .solutlons were added to the cell suspensmns)
0 5M DMSO -gOO ql of cell suspenslon was combmed W1th |

Sy “E © 100y10f AMDMSO/MEM s
' 1M leSO - 600 1.}1 of cell suspenston was combmed W1th :
B two 100 gl allquots of 4M DMSO/IxMEM added one.
S mmuteapart . T “w : Q’
| 2MDMSO : -400 ql of cell suspensron was comblned w1th four .

BTy 100 yt aliquots of, 4M DMSO/lxMEM added one

‘ mmute apart o |
0 SM glycerol 700 ql of cell suspension was combmed w1th Lo | | N
jq e 100 yl of 4M glycerol/lxMEM R |
: | lM glycerol - 600 ql of cell suspensmn was combmed W1th ‘ ,
- two 100 yl ahquots of 4M glycerol/ 1xMEM added
. ﬁve rmnutes apart :;." o j : o o
- 2M glycerol - 400 ql of cell suspensron was combmed w1th four ‘.
: 100 yl ahquots of 4M glycerol/ 1xlaIEM added f1ve

| minutesapart e

=8



o n'mj‘ o

i To achleve the solutlons in whlch the kinetlcs of addmon were of

B

cntlcal 1mportance, the f%*llowmg protocols were used (agam, 1n each

case, the DMSO solunons were added to the cell susﬁ'ensrons)

Rapid Addition of DMSO: ' | ' ¥ ,
3MDMSO - 600 yl of cell susperlsiori was c.cmbined with
-+ . 360yl of $M DMSO/1xMEM |
 4MDMSO  -480 yl of ceIl suspensron was combmed w1th
S 48041 of 8M DMSO/lxMEM .
7.  SMDMSO ' - 360 ql of cell suspension was: combined w;’
600yl of8M DMSO/lxMEM " '

Slow: Addltlon of DMSO _ ‘ .
3M DMSO - 600 ql of cell suspensu)n was combined with
SR six 50 yl ahquots and one 60 yl ahquot of
T 8M DMSO/lxMEM added 30 seconds apart
4_M-DMso ~-4304l df cell suspension was ‘cernbined with
' “ - nine 50 ql aliquots and one 30 ul aliquot of
L 8M DMSO/lxMEM added 30 seconds apart
" 5M DMSO 360 yl of cell suspensmn was combmed with
 twelve 50 yl aliquots ofsplDMSO/uMEM added FE
» . gO seconds apart R - ;.0 “
= Each cell suspensron from both groups was allowed to sit for two. nunutes
f after the fuﬂ/epncentratlon had been reached ‘At thls time all_v =
| 'solutlons were diluted w1th tlssue culture media; the k1net1cs of '

f'dllutlon were 1dent1cal for each solutlon and foLlowed the subseque;l

‘protocol | & |




’/"

1 SIX ahquots of 50 ql of TCM Were added at 30 second mtervals
wzt six aliquots of 10@ ql of TCM were added at 30 secoud intervals
3 four ahquots of 300 ql of TCM were added at 30 second mtervals
4, four ahquots of 500 ul of TCM wera added at 30 second mtervals
5 two ahquots of 1 ml of TCM were added at 30 second intervals’
Thts brought the ftnal concentrauons of the SOlUthIlS to between 0.7M

DMSO and 04M DMSO (5M DMSO resulted in a ﬁnal coucentratlon of O7M‘

,DMSO 3M resulted in' 0.4M DMSO) Smce the kmetlcs of addltlon was the.

dependent varlable in the study, it was felt that it was more lmportant»
R J

' that each group be subjected to 1dent1ca1 kmetlcs m the d11ut1on phasej '

rather ‘than having each group end up at the exact same concentr‘atton of

bmso. Ty

34 Assays ) | '

The determlnatlon of the formatlon of intracellular ice was made by‘
the observatlon of a "flashlng event This refers to the phenomenon of
1nstant darkenmg of a cell when ice forms in the protoplasm and is
caused by the scattermg of hght by the mtracellular ice crystals

Thls dlstmctlve event is ‘very obwvious and easy to observe - If a cell

s 51gn1f1cantly dehydrated Wlten mtracellular nucleatlon Joceurs, ‘then

the darkening can be less pronounced and proceeds more slowly through-
the cell 1nter10r ThlS has been called "tw1tch1ng" by Korber et al and |
they have hypothe51zed that 11 ‘may be a dlfferent event than "flashlng"

(31) In all the observatlons ?)f thlS study, however tw1tchmg was. only )
4

observed in. cells Which wer@ very dehydrated anch 1t was assumed that the
1ce formed slowly as a result of there being very little water left m :

the cell whlch was: avatlable for 1ce formatlon (water that ex1sts in



'a;_,.e_:conjunction with macmmoleeules such“ as the water tof hydration

“ protlens can not form 1ce) Thus, any darkenmg “of: the cell 1nterloi‘
. was assumed to be due to the formation ot‘ mtracellular ice w1thout' :
dlscnmmauon.l Flgure 34 shows a photograph of a cell before and
-after mtracellular ice formatron The change from lxght to yark occurs

o

almost mstantly

As an assay for membrane lntegrxty, ‘the. ab111ty of the cell to
, ‘prov1de a barrxer to ice was used This provrdes an 1mmed1ate assay. of-
the 1ntegr1ty of thc membrane whlch 1s accurate and easy to per‘form :
Although a damaged cell may still provxde a barrler to ice, loss of .the
. barrler propertles to ice is clearly 1nd1cat1ve of damage to the. plasma
n?embrane : In this assay, | cell ’suspensxons were cooled on the
cryomlcroscope to jllSt below the freezing pomt ?bf the solutron and ice
formation was_. vrmtlated}. Intact cells provrded an obv1ous barrler to
the ice and shrunk os‘motlcally. Damaged cells,- however, aIIQWed lce to B
~-pass dlrectly 1nto the prqtop This is easilyA obser‘ved ‘and ‘the -
: failure of the c%l"’ to. respond osmotlcally demonstrates that the

L]
observation is not ' an artifact due to ice moving above or below the

g O cell. Freshly 1solat‘ed'cells were never observed to allow ice’ to pass

‘through'their membrane | Flgure 35 shows a photograph of @ norrnal cell
; whlch provides a barrler to. ice and a damaged cell whlch allows 1ce to

Jmove mto the protoplasm



FIGURE34 -

+Photo 1 shows a mouse fibrobjast cell in an ice matrix -which is being
-i"held just below the freezing Eoint. Photo 2 shows the same cell after

cooling at -150°C/min to -12°C. The cell interior: is dark due to the
presence of intracellular ice. Since- the protoplasm was supercooled
when this ice formed, the crystals are Vpry small. This causes light to
scatter rather than pass through the cell freely/ : e .



FIGURE 3 S

Q’ A series of photographs showmg the response of two_ cells as ice .moves
_‘through the field of view. - The ‘cell on the left- rovides a barrier tc
. the advancing ice front and shrinks osmotically” The cell on the right,
‘however, allows ice to pass into /the protoplasm and no OSII‘lOth shrmkage
is ev1dent The frames are numbered mchronologlcal order. o



, 4 1 Introductton

The fu'st set. of expenments carrled out was to determme the
relatlo/nshlps between the cooling -rate and 1ntracellular freezmg
Cells m tissue culture media and in three concentratlons of DMSO ‘were
cooled at five different coollng rates on the cryomlcroscope and for ‘
each case the percentage of cells in which mtracellular» ice formed and
the temperature at wlycﬁ‘ it formed (1f it . ‘indeed did form) were

recorded The detailed protocol for the experrment is as follows

4.2 Expenmental Protocol

The sample was cooled to just below the freezing pomt of the
| su‘spendmg solution, held at that temperature, and the sample nueteated.
Table 4.1 shOws the temperatures 'at which this was"done' for each
solution. After ice nucleation, the temperature was held constant for a
further 30 seconds to allow the cells to achieve osmotlc equxhbrlum
with the unfrozen solution. No further shrinkage was observed after 15
seconds thus the cells were assumed to be completely equilibrated after
30 seconds. The. stage was then cooled at one.of five pre-determined
"coolmg rates (-70°C/Min, -100°C/Min, '-125°C/Min,“j-150°C/Min or
-200°C/M1n) to -40°C. The sample was then warmed at +100°C/Mm to room
temperature ~This ’procedure is deplcted more clearly in fxgure 41
. The whole procedure was v1deotaped and the video was later analyzed to
determlne tl)e proportlon of cells in whlch intracellular 1ce was

observed Since the coolmg rate, the starting temperature and ’the

33
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TEMPERATORE OF FCE NUCLER
| .IN DMSO SOLUTIONS

-4

SOLUTION | TEMP. | -

7

1x MEM | -1%c

EL 0.5M DMSO/1x MEM | -3°C

1M DMSO/1x MEM -5°C

.| 2M DMSO/1x MEM -7°¢.

5]

TABLE 4.1

Table showing the temperatures at which ice was
nucleated in four concentrations of DMSO,
— ot ‘} Y

TIME TEMPERATURE CURVE SHOWING
THERMAL PROTOCOL

© 20

TEMPERAfURE
ey

constant’
waraing .
- rate o Y

=20
y o . constant
Lo ) cooling
p . rate
-40 '

vio T e

Cwd . FIGURE4r . g

’ Graph showing an example of a éOnst;nt cooling thernial -

"y protocol as used in the constant cooling rate experiments.
& SRR | |
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s which intracelluldr freezing occurred could be determined The time of

intraeellular freezing could only be determined to the nearest second .
since that was the accuracy of the time-date generator that was
- employed. This }cr‘eates an uncertainty of temperature; calculation by a
maximum of +/-1.6°C. By analyzing many cells, this source of error was |

reduced considerably. \2

4.3 Results ,

 Table 4.2 shows the original data for each of the groups tested.
The error fer the temperature at which flashing occurred is the standard
_error calculated from all -'the samples in each group. The number of
cells tested\in each group varies slightly because it is ‘impossible to
coﬂtrol the number of cells in the field of view each time a protocol is

run.

Figure 4.2 shows a graphical depiction of the percentage of cells
which freeze mtracellularly in each solution at a given cooling rate.
In all four solutions, the pr0port10n of cells forming 1ntracellular ice
is strongly dependent on coolmg rate ivxth 8ster cooling rates y1eld1ng

a hrgher percentage of intracellular freezing. The relatronship between
the composition of the 'solutron ‘and theé incidence of intracellular
freezing is less clear. 0.5M DMSO seems to provide the most protection
from intracellular freezing and 2M DMSO, the least. The differences in

the curves are Qu‘i}_t_eﬂ's_igniffigg_nt_, however, the' relationship is not

A ’

 immediately apparent.

Figure 4:3 shows a graph of the temperature at which intracellular
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INWBLLUIAR FREEZING A8 A FUNCTION OF
CQOLING .RATE AND DMSO CONCENTRATION

COOLING RATE ("C/Min)

,/5 it :
oM DIISQ' 0.5M DMSO v iM DMSO 2M DMSO
TOTAL 1'01;5{. TEMP OF | |TOTAL |TOTAL| TEMP OF | [TOTAL|ToTAL| TEMP OF | [TOTAL|ToTAL| TEMP OF
CELLS Msu /. FLASH CELLS|FLASH| FLASH | |CRELLS|FLASH| FLASH CELLS |FLASH] FLASH
L
70| 88 | /s 1 -8s.911.6 &8 2 |-18.821.2|| &8 3 Fa26.0%1.7| 85 6 [-29.3%21.9
100| 49 | 8 |-13.5%1.4(| 82 5 -zo.m.eﬂ 4 & 21.543.¢| 69 22 |-28.621.2
125 sd 17 [-11.121.3(| s8W 3 |-17.423.6|| s2 16 [24.741 .4 | 54 24 |-29.321.2
150 55, 20 |-13.8%1.0({ 75 16 {-18.941.9(] e2 17 F25.1$0.71| 51 36 [-30.7£1.0
i
200! =1 33 | -9.2%0.5 52 25 (-17.721.3(| s7 37 -25.3:1.141, 51 48 |-28.1£0.9
Y ) v
0 .
‘ TABLE 4.2

The table depicts the responses of fibroblast ceils to freezing at a constant »
cooling rate. The proportion of cells which freeze intracellularly as well

as the temperature at which this event occars are recorded.

The error in.

temperature Is the standard error of the sample. The term "flash” Is used
~ to fepresent the formation of imtracellular ice. Temperature 1s in °C.
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" PERCENTAGE OF CELLS WITH INTRACELLULAR ICE
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*  INTRACELLULAR FREEZING AS A FUNCTIQN
OF COOLING RATE

OM DMSO ~ 0.5MDMSO 1M DMSO 2M DMSO
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FIGURE 4.2

Graph showinz the proportion of cells which freeze intracellularly
as a function of cooling rate in four concentrations of :DMSO.
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TEMPERATURE OF INTRACELLULAR FREEZING (°C)
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TEMPERATURE OF INTRACELLULAR FREEZING AS A.  \
FUNCTION OF COOLING RATE

0.5M DMSO 1M DMSO

2M DMSO
+ X b2

- 70 ' 100 125 150 200+

" COOLING RATE (°C/Min)
'] i
FIGURE 4.3
Graph showing the temperature at-which intracellular freezing occurs (f it -
occurs) as a function of cpo Ing rate in four concentrations of DMS_O.
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ice forms (if it iorms) as a function of the cooling ratrtor all four

solutions. For each solution, it ls clear that the temperature at whxch
intracellular ice forms is indqpenc;ent of the cooling rate. It is,
however, strongly dependent. oln\_the' composition of the  solution.
Clearly, the temperature at which ‘.intraceliular ice: forms decreases as

the concentration of DMSO is increased.

4.4 Discussion - .

, Adding a ‘solute to a solvent has the effect of lowering the
freezing point of the resultin'g; solution below that of the pur'g solvent. |
ASsuming an ideal dilute solution, the degree to which the freezing
point is depressed is proportional to the molar concentration of solute.
‘This is why ‘the four suspending solutions used in these experiments were
nucleated at different temperatures The amount of ice present at any
given te.mperature is also ddpendent on the concentratxon of solute.
There are properties of the extfacellular enwronment at subzero
‘temperatxire!s which are strongly dependent on the cooling rate that is
being followed as well. The velocxty of the advancing 1ce .interface and

the morphology of the newly formmg ice crystals at this interface are

two such properties.

In these experiments, intracellular‘freeziﬁg was se€Wto occur at
the same ‘temperature regar&ss of the cooling rate within a given
solution. Thus the mechanism by whlch intracellular ice forms must be
‘independent of cooling rate within the limits of this experiment and
consequently, not a function of pmpertios of the extracellular &

environment which are dependent on the cooling rate.



Mazur’s theory of intracellular freezing states that},:g .when
conditions are such that the radii of advancing ice crystals are less
than the radii of aqueous pores in the plasma membra;xe, the crystals
will propagate through -the membrane and nucleate. the protoplasm. The
protoplasm will be supercooled if cooling is sufficierﬁgi?; rapid and
intracellullar freezing will result. \The observations prégentgd h‘e're‘
show that w4thina given suspcnd&x

solution, intracellular freezing
~

occurs at the same temperature regardless of the cooling rate that was

followed to h that temperature. In order for Mazur's theory to be

correct, t of the advancing ice crystals must be independent of
cooling ra fact, the size of ice crystals forming during cooling
at -200°C/min (at a given temperature) \\:ill be tuch smaller than those
forming during cooii;ig at -70°C/min (at the same témperature) in the
same suspending solutions as this property is strongly dependent on

cooling rate." ‘

Steponkus’ theory of intrac%lular freezing holds ‘that electrical
transients at the ice interfice cause the plasma membrane to rupture
thus allowing extracellular ice to nucleate the intracellular
compartment. The rupture occurs when the potential difference at the
ice interface exceeds a critical level. Since the potenfial differenc}:
is proportional to the frelocity ‘of the advancingv fice tnterface (39),
intracellular freezing should occur when conditions are such that the
ice interface velocity reaches a critical level. For this theory to be
consistent with the experimental evidence, it is necessary to assume

that the velocity of the ice interface is independent of cooling rate.



i epea dent on "t'.lilé“?“’"h'.n:g’ rate thus the theory is notsupponedl L i
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51 Introduc':tion"

| Th1s series of exgerlments ‘was deslgned to observe 1ntracellular"
‘f1ce fort‘hatron when th% ice in the extracellular c&mpartment was
}nucleated only after a certaln degree \of supercoohng had taken place. L
. ~The cell suspenswn in tissue culture medlum W1th OM 0. SM lM or 2M‘:‘f /
: -DMSO or the ‘Same concentratlon of glycerol was supercooled to a
"predetermmed temperature and held at thatftemperature whlle }ice ‘.
.‘ formation was 1n1t1ated These expenments were de51gned to reveal-
several aspects of 1ntracellular 1ce formatlon in a 51mple and rehable.»
' manner By usmg a smgle step change from unfrozen to frozen at. a‘,
‘A"prescrlbed ternperature quantltatlve descr1ptlons of the env1ronmen5.
"could be reallzed w1thout rgsortlng to . dlfferentlal equanons Whlch“.
}bbecome necessary when kxnetlcs are of primary 1mportance (19 20) Th%

4veloc1ty of the advancmg ice. 1nterface could be measured dlrectly as it

B _moved through the field of view, ‘the. degree of supercoohng was known :

"and the magnltude of the osmotlc pressure gradlent across the plasma
- }membrane could be calculated For the latter, one 1mportant assurnptlon«
avaas made 1n the 1nterpretatxon of thxs experlment when ice . format1on |
;vwas mltlaté’d at a’ supercooled temperature the stage would have enough*»
acoohng power to buffer the ~ latent heat of fusron produced by 1ce"~'

; 'formatlon If the stage could not buffer the latent heat of fusmn the ]
;-_temperature of the sample would rise and ‘the - condmons would not be,:’f

accurately known It was experlmentally determlned that the temperaturef :

) 42 : . SR
: . Lo
. i RS Y




"f _ose by less tha & Qandreturnedl : mthe set tempemtur_, :

a[wrthrn less than half of a ‘second. The assumptlon was therefore

L

accepted as .reasonable

RY

_52 Experlmental Protocol | R o R
A sample of cells in one. of the seven drfferent solutlons was

. placed on the stage and cooled at -20°C/m1n to a predetermmed'_
' temperature between 3°C and 16°C in the absence of 1ce Ice formanon,
'was mruated and the temperature was held constant for 15 seconds 'I'he
| ‘stage was thcn warmed at +100°C/mm to room "temperature The propornon'
* t’of cells ‘whrch froze 1ntracellularly and the - velocrty of the ice‘
lnterface were determmed experlmentally for each condition, To measure
the ice 1nterface velocxty, drstance on the v1ew1ng screen was’
calibrated with a’ hemocytometer and the distance’ over whrch the ice
_‘traveled in one V1deo frame (1/30 second) was measured Two dlfferent'

: ‘cultures of cells were used for this experlment one for the DMSO work

- and one for glycerol. . L FEREE

53 Results |

To make the mterpretatron of thxs set of experrments easrer _t'hefjf L

& .
,measured values of 1ce mterface veloc1ty, degree of supercoolmg and o

:osmotrc "pressure gradlent have all been mapped graphlcally as functlons

.of the temperature at whlch ice nucleatron occured Overlayed on these_
s 8
_ graphs ‘are the pomts .at whlch 50% 1ntracellu1ar freezmg occured

y; These pomts are@found by f1nd1ng the temperature on the absc1ssa at
,IZ
"&'hlch 50% mtracellular freezrng occured for a glven solutron ‘and

:‘f:

v movmg vcrtlcally to the pomt at whlch the plotted data is encountered



“and is used to mdtcate the degree of 1ce interface velocrty, degree of'

supercoolmg or . osmotrc pressure gradlent that correlates w1th 50%;

intracellular freezrng

Table 51 shows the proportlon of cells formmg 1ntracellular ice
in the DMSO expermtents and Table 5 2 shows the, srmxlar results for the
glycerol experrments Many cells were examined for each case to ‘build

' the results In flgure 51 the data from table 5 1 lS‘,

vltacally The curves were f1t usmg the Be21er method (24)“~

’whlch was chosen because no mathematlcal fUnctron is assumed for the

Q

‘datjh Smce the purpose -of the experlment was to determme the nature

of is relatlonshrp,_tt would not be approprlate to assume any type of

J
: fﬁnctlon whlch could bias the interpretation. The. tempeﬁratures at Wthh |

_ 50% mtracellular freezmg occurs are marked as. thes 1 be used 1nv-'
| ‘later analyses. It is clear, from the glycerol data plotted in flgure

‘.'52‘ that the dlfferent solutes yleld quahtatwely similar

'responses ‘The dlfference b,etween the two- cell cultures used for the

" vtwo expenments becomes clear when: companng the curve for OM DMSO from

:frgure 5.1 wrth the curve for OM glycerol from flgure 52 ' If the
‘;propertles of the two- cell cultures was 1dent1ca1 then these two curves.
would also be 1dent1cal a§ the condltrons are exactly the same The,
responses qf the ;:ells from each culture 1n thlS experrmnt are clearly
: 'dlfferent this precludes any dlrect companson between the two

Flgures 53 and 5. 4 show the relatlonshlps between the veloc1ty of_

the 1cc 1nterface for the various solutlons and the temperature of bce

‘§ co X .q
F . e



es mark pomts at whlch 50% mtracellular 'freezing‘
occurred and a hne representrng the hnear regressrgn frt ~ls markedp
On both graphs, the regressron line has a negatrve slope valthough the~ o

hne on the glycerol graph is much steeper than that for BMSO

Figures 55 and 56 show the relatlonshrp between the degree of
supercoolmg and the - temperature of ice. nucleatlon Thevhnes are allk
parallel at. 45 degrees as. both axes are essennally measurmg the same -
o collrgatlve property The pomt o£ these dragrams is to allow a mappmg
of the temperatures for 50% 1ntracellular freezrng' onto a graph “of
supercoohng The meltmg pomts for the respectrve solutions. have been
calculated usmg equatxons publlshed by Pegg and Fahy (see appendix A).

(25 26, 6)

. '1 "

» These sa‘me equatrons can also be used to determine the composmon
of these @Iutlons at any glven temperature, allowmg calculation of the
osmotic p;essure gradrent across the cell membrane on nucleatlon of ice
at each temperature ~An assur&mtlon is made that %;e cell was in osmot1c$
" equllrbrlum before nucleatron so the osmotlc pressure 1n51de the cell

just after ice nucleatlon is equal to the osmotrc pressure of the

surroundmg medra Just before ice nucleatlon The results of these

_ mlculatrons are plotted m frgures 57 and 58 The - pornts at ‘which
‘:._50\ 'ntracellular freezmg occurs are mapped onto both graphs and the
regressron f1t grves lmes ~with negatrve slopes The slopes of both-
graphs are about equal although the y-rntercepts are dlfferent ‘This |

drfference can be attrrbuted to" the dlfferences between the two cell



NUCLEATION ATV;"S_ rnkcoomn mmnm:mnns‘

* TABLE 5.1

oM DMSO || o.sM ouso || ' 1m bﬁsq- | 2M DNSO
70Tl | o oF || ToraL No.OF || TOTAL: | No.OF || TOTAL | No.OF |
CELLS |FLASHES| | CELLS |FLASHES| | CELLS |FLASHES| | CELLS |FLASHES|
-3| 34 2
41 3371 4 || 43| 0
4 5] 52| 16 |[ 42 | 8 _
T -s| 26| 21| 39| 7 40 | 8
o
c - ' -
A 7| 36| 35 s2|17 || 36| 4
Qr ; - .
2 —
~ 8 48 133 35 | 12
) cé’ -9 36 | 36 31 9 19 0}
M 1 -
> -10 39129 || 40| 5
T 39 | 38 39 | 14
-12 29 |12
BT 16| 7
R 16 | 14
" -15 4 | 4

Data ~sh6wln_z the proportion of célls which freeze lntracellﬁl‘ar]y when fce' -

formation is initiated at supercooled temperatures in four clqn_ée'_n_ti'(atlonsv of DMS_._O -
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-10
-11
-12

~-13

-14

- -15

-16

NUCLEATION AT SUPERCGOLED TEMPERATURES

_four concentrations of glycerol.-

OMAG‘L"YCEROL‘ 0.5M GLYOEHQL 01!4 GLYQEHOL 2M,GLYCERQL"
1 TOTAL | No.OF || TOTAL | No.OF || TOTAL' |. No. OF | | TOTAL | No. OF
| CELLS |FLASHES| | CELLS |FLASHES CELLS ' [FLASHES| | CELLS |FLASHES| .

45 | O
49 | 4
51| 7
48| 20 49| o
42 | 26 47 | 3 ’
48 | 45 49 | 6 a8 | 0O
49 | 23 41 ©
51 |25 || 48|16 || 48| 0
42 | 33 48 | 15 43 | 1
44| 30 42 | 2
48 | 46 51 | 8
41 | 18
- 3 : ;
40 | 23
. 45 | 36
TABLE 5.2
Data .- showiu the proportion of cells which freeze lntracellularly
when ice f,x Btion is initiated at snpercooled temperatures in
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PERCENTAGE OF CELLS WITH INTRACELLULAR ICE

100

' INTRACELLULAR FREEZING UPON ICE NUCLEATION AT _
SUPERCOOLED TEMPERATURES IN VARIOUS CONCENTRATIONS OF DMSO

-6 ‘
¢ - ‘
TEMPEHATURE OF ICE NUCLEATION (°C)

Q OMDMSO A 0.5M DMSO  [1 1M DMSO Yy 2M DMSO
Too = 5.3C T = 7.3C | Tgp =9.07C T = 12.5°C A\

i , FIGURE 5.1 .

‘Graph showing the relationship between imtracellular freezing and the
temperature of ice nucleation in four comcentrations of DMSO. The :
solid lines are Bezier curves fit to the data points. The temperatures

at which S0% intricellunlar freezing occurs are marked.



INTRACELLULAR FREEZING UPON ICE NUCLEATION AT SUPERCOOLED
TEMPERATURES IN VARIOUS CONCENTRATIONS OF GLYCEROL.

100
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PERCENTAGE OF CELLS WITH INTRACELLULAR ICE -
o §
o
1

o

-6

TEMPERATURE OF ICE NUCLEATION (°C)
O OM GLYCEROL A 0.5M GLYCEROL (O 1M GLYCEROL % 2M GLYCEROL
T = 6.3°¢c ’ T = 9.7°C T = 11.2'C T = 14.6°C
' FIGURE 5.2
Graph showing the relationship between intracellular frndu and the
temperature of ice nucleation in four concemtrations of (lycorol The

solid limes are Bezier curves fit to the data points, The to-poratu'u
v at which 0% imtraceliular freezing occin are marked.
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POE INTERFACE VELOCITY (x10 a/e)
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INTRACELLULAR ICE FORMATION AS A FUNCTION OF
~ ICE INTERFACE VELOCITY IN DMSO SOLUTIONS

T

T

! TEMPERATURE OF ICE NUCLEATION (°C)

O — NUCLEATION TEMPERATURE AT WHICH SO% INTRACELLULAR FREEZING OCCURS

v FIGURE 5.3 :
Graph showing the velocity of the ice interface, upon nuclieating at supercooled
temperatures, in four differemt comcentrations of DMSO. The temperatures at
whick 50% imtracellular ice forms in the four solutions are mapped on to the

respective curves and a redgression line is fitted for these four points.
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PINTRACELLULAR FREEZING AS A FUNCTION OF
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. . FIGURE 5.4
Graph showing the velocity of the ics interface, upon mucleating at supercooled
temperatures, in four different comcentrations of glycerol. The temperatures at
which 50% intracellular ice forms in the four solutions are mapped on to the
respective curves and a regression line is fitted for these four points.
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INTRACELLULAR FREEZING AS A FUNCTION
SUPrERCOOLING IN DMSO SOLUTIONS
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- QO — NUCLEATION TEMPERATURE AT WHICH 50% INTRACELLULAR FREEZING OCCURS

i ) FIGURE 5.5 '
Graph showing the relationship between the degree of supercooling and the
temperature of ice nucleation (essentially the same but offset so that the
curves intersect the abscissa at the melting point) for four concentrations
of DMSQO. The temperatures at whick 50% imtracellular freezing occur are
mapped onto the curves and a regression line is fitted for these pointa.




DEGREE OF SUPERCOOLING (°C BELOW Fﬁi!EEEZIli(i I’()Ilffj

20

INﬁACELLUm FREEZING AS A FUNCTION OF
SUPERCOOLING IN GLYCEROL SOLUTIONS

10

.

OM GLYCEROL
0.5M GLYCEROL

1M GLYCEROL

, 2M GLYCEROL

i)

v ; ‘;.‘3}"34;’ W@
o - TION TEMPERATURE AT wnren s0% g&z@%w
- . &

Loy M



)

OSMOTIC PRESSURE GRADIENT (atm)

150

100

(@]

OSMOTIC PRESSURE GRADIENT IN DMSO SOLUTIONS

AFTER NUCLEATING AT SUPERCOOLED TEMPERATURES
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FIGURE 5.7 ,
Graph showing the osmotic pressure gradient whick develops across the cell
membrane when ice is mucleated at supercooled temperatures l! four
concentrations of DMSO. The temperatures at which 50% imtracellular
freezing occur are mapped onto the respective gurves and a regressiom lime
is fit for these four poinmts.
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cultures used for the two sets ot‘ data (a companson of th ‘wo,‘ pornts ;f‘ﬁ

. at whxch 50% m : far freezmg occurs on the 1x MEM cases show that

Vjthls is true) In ftg‘ re~v58 the line - lS extrapolated to 0°C where 1t

= 1ntersects at an osmotlc pre <

- gradlent of 88 9 atmospheres

5. 4 Dlscussmn "

! \

By plottlng the percentage of 1ntracellular freezmg as a functlon

'

: ofw ~the’ temperature at gvhrch 1ce -was nucleated the nucleatlon

& ten‘tperatures at Wthh 50% 1ntracellular freezmg occurs were found for

each of the four concentratlons of DMSO and glycerol These pomts were
'-then used to f1nd the relatronsh1ps between 1ntracellular freezmg and
the - veloclty of the ice: 1nterface, the degree of supercoollng of the

vprotoplasm and the osmotlc pressure grad1ent across the plasma membrane

o .These relatlonshlps w1ll be used to cr1t1cally analyze two CXISUIlg

theortes and one new. theory of 1ntracellular 1ce formatlon

The relatlonshlp between the veloclty of the ice mterface and the

"'.pogmt of 50% 1ntrace11ular freezmg w111 be }~used to»mvestlgate

| ‘Steponkus theory that electrlcal tran51ents at the 1ce mterface cause -
i vja rupture 1n the cell membrane whlch allows t% protoplasm to be
; nucleated The relatlonshrp between the degree of supercoohng whrch
.'-accompames 50% 1ntracellular freezmg w1ll be used to evaluate Levitt’s .
g“'hypothesm" that 1ntracellular ice formatlon is'a: result of crltlcal
o supercoohng of the protoplasm and the relatlonshlp between the osmotlc L
’ pressure gradlent whlch correlates w1th 50% mtracellular freezmg will
i'be used to assess. the theory of mtracellular freezmg whlch s the

‘central theme of thlS the51s



Thxs theory states that 1f the osmottc pressure gradrent across the

,""f..fplasma me.mbrane reath-.s a crttxcal level the membrane ruptures and,-";“f"".

"'allows 1ce t‘rom the mtracellular compartment to nucleate _‘th
protoplasm. When ice 'is nucleated at a subzero temperature much of tHe o
'*water m the SOlllthIl is removed to form ice. Th1s leaves a - hxgh

' concentratlon of solutes in- the unfrozen fractlon of the solutton Wthh |

‘puts an osmotlc stress on_ the cell The cell will lose water in- an

: attempt to equlhbrate' e:"o'smotlc pressure of its protoplasm W.lth that |

'of the external envu;nment but the rate of water loss is lrmtted by
‘the plasma membranes permeablhty to water - the hydrauhc.
“vconduct1v1ty g Smce the cell ~cannot mstantly equ111brate its - osmotlc |
_pressure Wlth that of the surrdundmg solutton ‘an osmotlc pressure

+

'gradlent is created across the plasma membrane. . . The hypothesxs holds

that the plasma membrane is only capable .of wuhstandmg an. osmotlc‘. :

pressure gradlent W1th a magmtude that 1s ‘lower . than some crmcal

svalue whlch if reached w1ll cause the membrane to rupture

oW
o -
A

The data do not support the theory of 1ntracellular 1ce as a result-. =

,'of’ electrlcal transrcnts because the velocrty of ice 1nterface i‘equlfed
l,to prpduce similar amoum of- mtracellular freezlng ‘is very dlfferent
ﬁeﬁ dlfferent concentrattons of the‘ 'solutlons.. In glycerol the

| velocxty requrred to produce 50% 1ntracellu1ar freezmg in 0 5M is three |

) tlmes that requlred to glve the same degree of 1ntracellular freezmg in o

'2M (flgures 53 & 54) If thlS theory were true then the temperatures :

'for 50% mtrace /}glar freezmg should have mapped onto the. velocrty

curves as hor1zonta1 hnes whereas the experrmental ev1dence shovgs that

R FE
o S -



u-‘ e

| they bhad negative sIOpes (flsures 345, 4) Thm mey have been an’

, ‘effect on the magnltude of electrrcal transrents by the dlfferent;f

solutions, »although this should have caused the regressxon lme to- havef‘.";

‘a posmve slope smce the effect of 1ncreasmg the solute concentratronj"

is to reduce the magmtude of electrrcal transrents (35)

o : : : '
. . . 0
- « L,

The data also do not support the’ theory of 1ntracellular freezmg

vas a. result of crmcal supercoolmg of the protoplasm Thrs theory'"r

‘predrcts the pomts for 50% mtracel,lular freezmg should also ‘map onto'

the supercoohng curves as horlzontal lines. The results ‘presented. in

“,flgures 55 & 56 show that they . have a posmve 510pe» It seerﬁs

unhkely that ice: formatlon would be more probable at hrgher.

temperatures when the degree of supercoohng ;isf‘ xdentlcal If

'mtracellular 1ce“' formatron was due to spontaneous nucleatlon of the'

‘ '}protoplasm this~ event should have ocurred at 1dent1cal degrees of

_supercoolmg in all of the soluttons tested :
: . . e

The experlmental ev1dence presented in flgures 5 7 and 5 8 support s

'the theory of 1ntracellular freezmg as a result of a rupture in: the 4'

plasma membrane due to the attatnment of an osmotlc pressure gradrent

greater than a crltrcal magmtude The regressmn llnes from these

; graphs ‘have a negatrve slope whlch is.. predleted by the theory Smce-;-

the membrane is belng ruptured by a phy51cal force whrch exceeds 1ts,

D’

«tensﬂe strength the force requrred to a@compl sh_ thrs w111 be- smallerv

fvat colder temperat.ures (the membrane wxll be more brtttle at colder'

'., .‘temperatures an."‘ T;,thus more easﬂy dlsrupted) Thus the negatlve slopes:

B of- the regressrgnn lrnes support the: theory Thts hne was extrapolated :

T e
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) q‘ay"

| ‘to-ro?C f0r the glycerol data gmng‘“an osmotx pressure gradléht ‘of 88 .

""""f-'(;ufatm that sh0uld cause 50% of the cells membranes to ruPt“fe- Thls ’

fpredtction wxll actually be tested in the serles of experlments to be
presented 1n chapter 7. ThlS is possxble because both serles of

. . ,

; expenments were camed out usmg cells from the same culture



6.1 Introduction - . U '_ o t

ThlS expenment was. desrgned to test whether the p}sma membrane;

twas the 1mmed1ate site of 1nJury‘ related ‘to the formatton of _,‘"‘33

intracellular ice. The plasma membrane of a healthy cell is abl~e to

' provrde a barrler to Jce in a solutton whlch 1s just shghtly below 1ts'
freezmg point. The ice moves around the cell and generates-vxrtually '

no phy51cal deformation to the cell. In'c’ontrast cells which . do not .‘

have a continuous plasma membrane allow ice to move rlght mto the
protoplasm Thls fact was explotted in . this expenment to allow the

‘ 1ntegr1ty of the plasma membrane to be assayed after cells had frozen

mtracellularly. ‘As:‘ a control, cells which underwent 1dentr‘ca1‘

conditions but did not freeze intracellularly were assayed as well.

6.2 Experimental Protocol

o~

Cells suspended in medlum w1thout cryoprotectant were supercooled

“on the cryomlcroscope to elther -6°C or -7°C. In order to get a

symmetrrcal analysrs i was des1red ‘that approx1mately half of - the _" .

cells studied should freeze -mtracellularly and- the other half should

not. To.get*"these, propOrtion's;< the.cells should have been coole‘d‘ to_ )

‘-6.5°C_befor’e nﬁlcleatjng ice. Instead of this,- however, "half of the

. cells were cooled ta -6°C and the other half were co(')l‘ed 'to -7°C before'

v,ice fiucleation. “This resulted in the ‘same proportton of cells wlych .

froze mtracellularly and assummg “that 1ntracellulﬁe formed at -6°C., |

is the same as 1n\tracell_ular .ice form_ed_. at -7°C, “ this- m_ethod of



aehleving the 50% spht is just as. good Immedlately after 1c . formed
the sanmle was warmed at +20°C/M1n 'to +2°C to melt the xce. Y

sample was 1mmediately cooled at -20°C/M1n to -2°C where ice’ formatxon

o _»was 1n1t1ated again. Fxgure 6 1 shows a graph of: ;%e complete cooling

‘ and warming protocol. Durlng analy51s, the cells were divided into two
groups those that froze: mtracellularly on the first freeze and those
: that dld not. Upon freezmg ‘the second tlme, the cells from each group»‘
_were assayed for damage to the plasma membrane by obsemng whether ‘the ™

L

membrane provided a barner--to the »advfancmg ice interface.

.

6.3 Results

The upper row in table 6.1 shows the cells from the first freeze
'd1v1ded 1nto those ‘that formed mtracellplar ice and those -that did not
Below each group are the ‘results of the assay for membrane 1ntegr1ty
that accompamed the second freeze The results show very clearly that
the formation of mtracellular ice is:accompamed by loss of ablhty to
block the growing ice crystals from enterlng the - protOplasm Célls.
Wthh are subjected to 1dent1cal condmons but ‘do not free'ze"
lvmtracellularly retaln thelr‘barrler propert1es I
- 6.4 Discussion e o

Thls experlmentw shows very clearly that 1ntracellular freezmg
correlates well with damage to the cell membrane Since the cells in -

thls experlment were observed durmg 1he approx1mately 30 seconds in

whlch mtracellular 1ce existed rs an excellent chanée to- make -

Ty
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. Shows the th-e-tcuperatln curvo fo?owed by cells in the re—freezing
experiments, The cells an cooled af ~20'C/min to —6°C where ice is .
nucleated. The cells are then warned at 20°C/min to 2°C to melt the -

ice. They are then re-caol : to =2°C wllere fce s nucleated again. .




FIRST

" FREEZE

- SECOND

FREEZE

CORRELATION OF DAMAGE TO THE CELL

‘MEMBRANE WITH INTRACELLULAR FREEZING

’ S ‘
NO INTRACELLULAR ICE | ““ " INTRACELLULAR ICE
’ oo : L * .
76 11 70
BARRIER | NO BARRIER | | BARRIER | NO°BARRIER
n*| 5 || 4 66
o
Z -

TABLE 6.1

Data showing whether the formatlon of lntracellular fce is accompanled by
damage to the cell membrane " The first fx;eeze is to produce intracellular
lce in-about 50% of the cells and the seco %freeze i1s to assay which cells

are capable of provldlng a barrier

éﬁ advanclng ice front.



to the trme that it melted gave no indrca hat physi cal ’t'orces wers

‘ japplled to the cbll membrane by the forn'tatlon or recrystallization of
" intracellular - or ,extracellular ice. Desprte- thrs, the cells suffered‘
* virtually i.mmedi’a;te -damage to Jheir 'membranes. This fact supports the
°:t:om:ie'p‘t that the iutracellular ice was a result of a rupture in the c"ell

" membrane rather than. the cause.

Both Steponkus’ theory that intracellular ice forms as a result of

)
¥

electncal transients at the ice interface and the théory presented here

¥

that mtracellular‘ 1ce is a result of an excessive osmotic pressure

gradient strpulate that sthe formation of intracellular ice is a

mamfestatron of a rupture in the plasma membrane. - The results of these

expenments support this view as damage to the plasma membrane is highly

,correlated with the formation of intracellular ice. What of the cells

which froze intracellularly but retained the barrier properties of their
membranes? It is conceivable that these ‘membranes were not too severely
damaged by the rupture and were able to re-seal their membranes before

-

the second freeze.

v

Mazur’s ‘theory that the damage associated - with intracellular
freezmg is a result of recrystalhzatlon of the mtracellular ice is

not supported by these results. If the intracellular ice formed as a

~result of critical supercooling of the protoplasm (Levitt”s hypothcsls)

then it would not be continuous with the extracellular ice - there would
be no ice brtdges extendmg through the plasma membrane. Thus;
recrystalhzatlon would have the effect of drsruptrng the 1ntrace11ular_

components not the membrane. If it did provide a physical force on the



| Mo - o
'mémbr'ane,_;hﬁen‘ it is’ likely that ‘thhiS‘would"‘-be ,obs:ei'vablé'.‘v" If Mazur's
hypothesis 6f' the formationv”'of intrac_éllulaf ice being }due to ice
cr"ystals pyopagating through aqueous pbrés in the plasma m‘eWrane is -
true, then recrystallization could very well disrupt the membrane

without being observed morp.hologically.. | ~



7.1 Introduction »

The hypothesis emerging from this work is that the plasma’ membrane
of a ce‘l\l will rupture whéﬁn the: gi;;dient iq osm‘étié pressure across the.
membrane exceeds a criticél value. . If this occurs during' freezing,
thep~ intracellular freezing results as ice from the extracellular
compartment will nucleate the protoplasm. This set of experiments was
designed to test whether a high osmotic pressure gradient in the absence
of ice (at 0°C) could cause damage to the cell rﬁembrane. If “the above
mentioned hypothesis is correct, it should be poSsible 't?(‘demonstrate'
that a'jn‘osrhot'ic pressure gradient of a- certain magnitude is sufficient
to cause a ‘rupture in the plasma membrane. In order to dc} this, the
- osmotic pressure gradient mﬁst occur inv a non-freezing environment since
it is impossible to control t\Pe many confounding factors which accompany
the formation of ‘an,'osmotic pressure gradient during freezing. Once
this is d‘efmonstrated, the magnitude of the osmotic 1pressufe‘ gradient
that ruptures 50% of the cells can be compared with the vaiuc that was

étrapolated to 0°C in .the supercooling expe_.riment‘s (see figure 5.8). &

7.2 Experimental Protocol

Cells were held at 0°C and DMSO was added to bring thé
coﬁcentration up to 3M, 4M or SM. Two 'conditions_ were used for each’ of
th.ése concent;a'tions: slow ac:l‘ition and raﬁid addition. In“th‘e“slow
additicf group, the.‘DMSO W'éfs?'added stepwise 'allowing‘ the osmotic

: N
pressure to equilibrate’ between additions.  This insured that the

- 66
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maximum osmotic pressure gradlent that the cells experteoe&‘
jsmall. In the rapid addition group, the DMSO was added’ all “at,

'that the cells would expenence the maxxmum osmottc préssure gradxent

(the assumptlon of ideal mixing was made thus the osmotic pressure
gradlent is easily calculated from the number of moles of DMSO added)

After the fmal concentration ‘was reached, each group was allowed to

| stand for two mmutes The two groups were then diluted slowly “with

tissue culture media; all groups were diluted with the identical
protocol as defined in the chapter on Materials and Methods (chapter
IIT). -After dilution, the cells were centrifuged at 500 g for 45s and

all but 0.5 m! of the supernatant was removed. The cells were then

resuspended by agltatlon and assayed for membrane integrity by testing
- whether they prowded a bamer to ice formatlon on the cryomicroscope. |

‘Figure 7.1 illustrates this protocol d1agramatlcally

73 Results -
Table 7.1 shows the original data from the experiment. In the slow
addition group, there was virtually no indication of damage to the cell

membranes at any concentration of DMSO. In the rapid addition group,

however, damage increased with increasing concentrations of DMSO. The

data are plotted as a functlon of osmotic pressure gradlem in" figure

7.2. A linear -regression fit is plotted ‘which yields an r value of

0.996 for the rapid addition'group and 0.998 for the slow addition

group. The osmotic pressure gradient at which 50% of the cells are_

damaged is mterpolated from the graph as 90.3 atm.
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Protocol' for the treatment of cells for rapid and slow itioh
of DMSO. The protocols are identical after the DMSO 'has been
: ' added.
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: j Table showlng the relative nnmbers of cells whlch can and
P can ‘not provlde a barrier to - -an. advanclng lce front. after
e e rapld of- slow Qddltlon of - DMSO to: xeach one. of t»he three
T i tmm;entratlons lndlcated '
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-responsxble Tv‘j‘or“damage to cells 'I'he only drfferences between the two.
gl:oups ~was‘ ‘the' kmettes of addmon of DMSO ‘and tl'fe length of ttrhe that"* :
each group was exposed to DMSO The slow addxtlon group was exposed to o

“(_"‘DMSO much longer than the raptd addrtron group and could therefore have o
Vbeen affected by DMSO to;ucrty _ The results show almost no mdrcatwn
ropert'es of the membrane to 1ce in the slow

"".jaddrtlon group thus any t’ ty e, ects that the DMSO may ‘have ‘had -did "

”_:of a loss of the barrrer

- not show up in. thrs expenment The vast drfference between the barrler
jpropertles of cells in the raptd addmon group and those of cells 'in

the slow addxtron group can only be attnbuted “to the krnetlcs of‘n'

’h

‘agdmon of DMSO and therefore to the magmtude of osmotlc pressure -

g

gradlent that exlsted across @e plasma membrane durmg the addltron

P T
i

step..

Slnce the cells used in this experlment were from the  same culture}f "

as those used m the glycerol supercoolmg expef"ment the ‘data from o

'thls eXperlment can be compared to the extrapolatlo i

"‘ ‘to 0°C from the e

supercoolmg experrments where the value of the cr1t1cal osmotxc R

'-pressure gradlent (that whrch produced 50% mtracellular freezmg) for -

‘that temperatu was 899 atm (flgure 58) " This was the os‘motrc.: -

_pressure gradrent whlch should have caused 50% damage to the cells at".

“_0°C had it been possrble to conduct the eXperrment act~that temperature : "
"The osmotlc pressure gradlent wh1ch caused 50% damage at: 0°C 1n thrs"_

‘experlment was measured to be 903 atm The cr1t1ca1 osmotu; pressure

-:igradlent was determrned fbr thls cell culgtjure usmg two Very dlffereht;;ﬁ“‘_.: :’.*



The t'a

"fout to be almost rdentxcal‘ lend'

_,f}vl‘experi}mental approaches.

‘that plasma membran
gradlent durmg rapld",,; ,
v a ‘ @, % . ’

g

Thc crltrcal magnrtude of osmotlc pressure gradlent will "be'"“"‘ "

.specrfrc for a certam cell type. Thrs is because of the drfferences

’us.,

__that exrst in the plasma membranes of‘drfferentm cells; the permeabtlrty

v'b.ipropertres, the tensﬂe strength the composrtlon and other propertlesv

of membranes wﬂl determme how large an osrnotlc pressure gradrent 1s

| requ1red to cause .2 rupture in a membrane. For this reasen, the data o

: obtamed m thelsup’ercoohng expenments in tﬁe presence 6f DMSO (see , )

Mere not compared to the results of - thls experrment the - two

!used drfferent cell cultures whxch obvrously had drfferent
~

h .
*df glycerol used cells from the same culture as those used in this .

E

expenment therefore the companson was meanmgful %

.hydrauhc conductlvrtres The supercoolrng experrment in the ptesenc_e o
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8 1 Re-assessment of Current Theones of Intracellular Freezmg

In hght off the data presented m chapters three through seven,

i cr1t1cal re- assessment of . the mechamsm of" mtracellular 1ce formatlon .

is ‘neéded. The three prev'llmg theorles on the gene51s «ofv,'

mtracellular ice have not been sup ,orted by the expenments carned out' “
X m " this. study, therefere 1t 1s necessary to propose 2 new theory whlc/‘
s conmstent with the dat Thrs proposed° theory is that mtracellular"‘ "
freezmg is a_ result of,a I‘l? Irre m the plasma membr'ane Whlﬁh in turn
1S‘ caused by the gradient 1n osmotlc pressure that can CXlSt across the"
: cell beane durmg rap1d coohng The gradlent is cre!ated as a result
of the cé]ﬂi mablhty to lose water fast enoug tg maintain - osrnotlc ,

'i

equlhbrxum w'ﬁ'h the extraﬁlular envrronment Before dlscussmg tHLs

theory l@ more d:eta1l aml the'wevldence that supports 1t a.revrew\of the ,l.

'
data in relatlon to the three prev1ous t'»%nes vﬂl be p'fe‘sented 5 :

’ BN -

N . ,‘ |
8. <1 (a) !ntracellu*ar Freezmg as a Result of Critical Supercooh% o
| Levrtts hypothesrs that mtracellular freezmg a rbsult of .

0 -

e

excessrve srlpercoohng of the protoplasm is not con51stent WRY the ata-

. ) '
:presented in chapter 5 The theory states that when cells re cooled

'very rapldlyt th}protoplasm becomes 1ncreas1ngly supercooled 1f o'Smotlc\/ |

equlhbrmm 1s not mamtamed Because the solute ncentrat10n in- the

protoplasm is much lower than 1n the extracellular u:- rOZen solutlon, 1t-

_exlsts rn solutlon at a temperabure below its freezmg pomt thls 1s

‘the supercooled state If the protopl sm’ should chome supercooled‘ to*-a'
5 gt |




t;._ritrcat degree,, then nuclegtion becomes

»

-~

__}plotted on Ie graph Thrs is because the same amount of 1ntracellu1ar

freezmg sﬁould’ haVe occurred when the 1dent1ca1 degree of supercoolmgr?

of supercd‘olmg Whlch ca ‘sed‘ i R vreezmg,. the amount of

,,supercoolrng requlred to caus "-’ " cells - to- freeze mternally
D gape-

‘AR N

shouid ther JURRENE: been the same 'or each solutron Instead a lme
: With‘ a'po_' e was “the result Thrs 1mplres that the formatron
of mtrace.'u % . would have to be a temperature dependent functron ,ﬁ
. i ! - ’ Y ‘

"wuh mtracelfu ar. freezmg oecurrlng rnore readrly iat hlgher

?;semperatures (assumrng equal degrees of supercoolmg) There 1s no
‘fbasrs in the hypothesrs whrch allows. these results to be ratronahzed

A

"_;therefore the theory mns fO¢ rejected‘ BT o *'

81 (b) Intracell F-reezmg as-a- Result of Ice Passmg Through
Aqueous branePores . v '

Mazur proposed that mtracellular ice. forms as a r\ult of

1

extracellalar me crystals propagatmg through the aque{us pores m the /
cell membrane The condltrons undet whrch freezmg is c‘onducted

(coolmg rate !composrtlon of solutlon temperature) affect the geometry

of the’ advan‘:mg 1ce crystaIs"
."_r‘, e ] \‘f:
b, :lmmﬁm r‘adrus of growmg 'ice cryStals is. the same as the radrus of

_If the condrtrons arer such that the

g -




] gted in chapter four‘“‘"’

a cell suspension is cooled at a constant rat&,tha temperature at Wthh

intracellular 1cé forms would be predlcted by thrs theery to be
{ dependcnt on the rate at whtch COOT'llfg 1s taking places( Thls 1s because -
the srze and shape of the 1ce crystals at a glven_‘_ ’temperatufe &Il be*}%{;_

dependent on the 'oohng rate Assummg ‘that the radxus of the.) ! 2

; pores remams rel vely constant, 1ntrace1 }lar freezmg «s"hould.

, when the minimum radlus of advancrng ice cr:ystals reaches a crrtlcal

T ‘..‘

valuc The ;::_y_ata 1n chapt T é/shows that thlS is- not the é"ase

temperatura:’ at whlch mtra‘ "‘lﬁar 1ce forms 1s cdnstant regardless of .

the rate/ of coohng <~ _Th_fl , 1nrénum radrus of 1ce crystals 1n the»»"
extracellular envrronment W1ll be much dlfferent at 4h1s temperature"
dependmg on the coolmg r‘ate 'I'hls shows‘ that the geometry of the 1ce
ér“tals at the 1ce-hqu5d 1nterface 1s "'r'.a‘c‘rltloal- fact_or in the ~

formatlon of mtracellular ‘1ce -

81 (c) Intracellular Fre.ezmg as a Result of -lectric‘a'l‘» Transients at
the Ice. Interfaée - e A -

St%nkus thebry of the formatlon of wrtracellular 1ce asserts
that electrlcal transrents occur at an adVancmg 1ce mterface as a hf;

result of the selectlve@exclusmn of one srgn of charge from tge 1ce

LA "b‘ s

mterface These electrrcal transrents wrll cause the plasma meml@e" "
\.—Oq . . .

‘to rupture if they reach a crltlcal magnltude allowmg extracellulari
o

1ce to nucleate the protoplasm ’.\

",f,f,That mtracellular fﬁezmg is a:

result 6f a rupture 1n the plasma\membrane is COn51sten.t W1th the data
- A

presented m chapte.r 51x but the theory tn""t thrs rupture is a result of‘* o

sl R ’ s




e"idt;,,‘ from chapters fom‘ and ftve The magmtude of the electnca]

”‘Q‘S'*‘ ‘

1nterface velocmest contradrctmg e ! l@o& he &vrqgnce frgm

* chapter fxve,@.also confhcts with _ the

i

iy G g

a theory; on the g‘roun}% of the

magnltude of th&ce 1nterface veloctty (whlch was mea’sured dlrectly in
thege experrrn;nts) as. it corresponds to the observed formatron of
iniellula‘ icgw leferent ice’ mterfa'ce Velocxtles ‘were requlred to
produce\ 51m11ar amounts of mtracellular freezmg m the Varlous

solutlons It is true that the comp0srtton of the solutlon COuld play a

role in determrmnﬁf the magmtude of th.e electrtcal transrents ‘which

-y,

'occur at the 1ce mterface however, the nature of thxs dependence 1s

) thus dllute aqueous solutlons produce .h greatestc' electrxca]

g _turbulent nature of solutron' at th

transrents ngh concentratlons o_f tsolute red'ﬁ'be the: effect due to rhe

ice .solution lhterface (35) he

'data from chapter flve show that lower velocmes ‘are requrred wrth

» e

_},mcred’smg solute concentratron } to achleve smrlar amounts oi

fﬁml’racellular freezmg Thrs 18 the opposrte of what would be expected

-1f the theory of electrlcaL tranpents as‘”a cause of 1ntrace11u1ar

7

fregzmg was- true. Sl



| *Thus, ,the‘” three extsting hypotheses of the. formatron of
) mtracellular- 1ce are- not sugported’ by the evxdence and must’ be
supplanted wrth a new \theory Thrs thesrs presents the theory ?
h

is caused by the attarnment of 3 c?rtrcal osmotrc pressure gradient

“mtracellular ice is a result of. a ruptur% of the plasma membrane whi

ageross the membrane., Before exammrp,g this. tlleory m ‘relation to the‘

dewt presediii ; vhiclgy
té 5&racellular freezmg will be analyzéd w1th respect 't

tl;eo\'&s L rm \

,zvthrs work, the - nature of the. dama

@%2 Nature of Injury Which Accompames Intracell . ) ;
2 (a) Recl’)'stallizatron of Intracellular Ice - o o *‘!‘u

Mazurs theory ‘states that it is t’he recrystalllzatlon _the
actual for ‘g‘»g

. 1
the prot.oplasm

tion,

of 1ntracellular 1ce whrch causes damage and ta ets

‘the site for 1njury (18) f the intracellular ice .is
mft;contmuous wrth the extracellular “ice, then recrys{allrzation of
mtracelltilar .rce wrll very lrkely not affect the plasma membrane'
(mofphologlcal ob‘servatl w no mdlcatlon of phys1cal deformattons Av
The

of the membrane durmg recrystathatlon of. m,ﬁ
evl‘dence 'from thlSr* study, however shows *t the 1solat10n of

mtracellular ice from the extracellular 1ce is not progable (only

Levrtts theory of crrtlcal supercoolmg of the protoplasm could lead to

3

hls srtuatron) Wnth ice- ndges_-passmg-thwugh Jthe plasma membrane. ‘

and., extracellular comparfments,

ecrystallrzatron could ostensrbly enlarge these brldges leadmg to the

-

ormatlon of even. larger drsruptrons of the membrane. Mazurs theory



was ' discuss& at

Tall the"'data presented in this study.

0~

83 Prev!ntlonsf Intracellular Ice

’that mtracellular 1ce forms as a result of extracellular 1ce crystals

'??;unphéatlon of rec

l"

82 (b) Intracellular Ice as a Result of . a' Rupture in the Plasmam'

passing through aqueous wres in the ‘membrane is the -only theory tn
which. recrystallxzatlon could actually create. a hole in the membr;ne.

’Ae the Jce in the aqugous pore recrystallizes, it will expand the’ pore

to a sxze that is much gredter than can be resealed upon thawmg As

e, however thts tﬁory is ‘not very llkely, thus the

T

mtracellular freezmg is fortultous ot "“;w

Membrane
]

The only competing theory is that mtrace’llular ice formauon is as

4

result of damage to the cell membrane "A rupture in the membrane alloygs
extracellula'r ice to pass through the. membrane and nucleate--- the_

. X ' v \ .
supercooled  intracellular compartment. ThlS theofy i ¢ consrstent with

o 2
The@theory redlcts that the vast

ma]orrty of cells whrch ‘have frozen mtra:glularly ill not be able to
present &barrrer to an advancrng ice front¥as was shown in chapter six. .

This theory is 1ncorporated into the hypothe51s bemg pr.esented m whxch

the . osmotlc pressure gradient is viewed as the cause of 1ntracellul

N o . ..'

freezmg

. \ L
« . ’ ~e '\ e .

Presently, there are two methods - for - preventlng mtracellular ice .

from formmg in cells durrng raprd cooling. The first is-a two step’
. 1] 1‘

coolmg procegs in Wthh the cells are cooled (after ice nucleatron Just

below the freezing pomt) to- a temperature above that - at Whlch

A}

o

~
.

A
Vg



equtlibrrum occurs. Th J "ells are then cooled rapidly down to the.

Sto age temperature The second method 1nvolves the use of non- y

;/penetratmg cryoprotectants These are generally long chain polymer
molequles whrch have very high osmotic coefflcrents (they reduce the
osmotic. pressur® in a solutxon to a much greater extent thag would be
predtcted on the basns of thelr molar concentratlon‘n the solutton)
‘These compounds have the effect of causing the cells to ‘shrink

B ,eirte.nswely ‘before freezmg (1n order to obtain osmotlc equrhbnum with

-a»the solutr%n) The* large srze of these polymers makes ‘them relatlvely
lmfnoblle in an ice ~matrix thus preventmg them from concentratmg in the
unfrozen fractxon The common thread etween -these -two techmques lies.

" in the fact that both methods co the protoplasm before rapld
cdollng .dhe fact thatg, this can allow the~ cell to avoid mntrafellular —
ice formatton - must be explamed by -any theory Wthh attempts to ,C\

o~ %‘Q’ !

elucldate the nature of mtracellular freezmg

‘*8_.4 Critical Os’motie Pressure Gradignt as a Cduse of Intracellular Ice-
The one theory whrch is supported by all the data m this study as
' wgll- as being able to explain the - strategies = fér ,,.avo1danoe of.

is .the central hypothesis of this work: that

en a crltrcal osmotlc pressure gradlent between,,,thg

inside and outsrd of the cell is reached. ‘This theory is s@ported ‘by

- the experrment‘ conducted in" this studys through both the - ‘targeting. of

the me;‘f%f__. ‘ e “as the site of damage and the physical events which- can be

correlateq/ wath ~4ntracellu1ar ice formation. " The two techmques for

v D



avoiding intracell‘ﬁar freezing during rapid coaiing are natural

rapid coolmg. The pnmary drffrculty with this ¢ eory is it

how an osmotic pressure gradient can lead to a physically agmg force
which can cause the rupturing of a cell membrane. The osme'tie ﬂi)reasure A
of a solnﬁ'on is simply a property. of the solution, an osmotic i)rl‘ess'ure .
gradien't.across a cell membrane is not the same thing as a hydroStatic

pressure{ -gradient across that membrane. It could lead to a'hydrostatic

pressure if the -membrane was held in pgsition’ but thrs does not happens
the membrane shrlnks as water leavgs the cell. If thlS is the" case,,
-

-,then what fol'ce 1s present which a ually breaks the membrane"
answer lres in the fact that, altho h there is no hydrostatlc pressure,'

~ water moves .out: of the cell exac y as if there wa“s such a pressure.
This outward movement of water creatgs a drag on the membrane due to the -
frrctron between water and the pore whrch it travels through The
‘plasma megbrane for - any cell typ@ has spemfxc propertxes which
: determme howRermeable it is to varrous substances PThe permeabxhty

to water is known

"the - hydraulic » conductrvrtﬂy ‘of the membrane When

watgr moves thro{rg c,hann‘el,' it encounters a reﬁstrve force duf to
. ("_ J o R ' M ~‘
friction on the sides 0 channel; the aqueous pores in a

‘cell

4

membrane are no dlfferent T orce ‘due’ to fnctlon cguld; .

- concrevably rupfufe \1e membrane if the ‘water ﬂ“@i,’
6 \.. "
which the tensrle strength of the membrane was «e

frictional force' . S



oy e 7‘V.‘F‘,,)‘;‘

'I‘he osmotic pressure gradient that the “
experiment described in chapter six.can be readll,
| availability of published equatrons whrch descnbe A
ternary systems used (25,26). By mappmg ‘the in rog
data onto the osmotic pressure gradient curves, a li
slope results. This implies that the dep : dencey
formation on the critical osmottc pressure ’1sf a temperature ~
dependent functron. This is complhe\ly compatrble with the theory as
~ the tensrle strength of any material is temperature dependent At lower
temperatures the membrane becomes more bnttle and. can be' mptured wrth
. less force than at higher temperatures In chapter seven it was shown
that a high osmotic pressure gradient can mdeed cause damage to
membranes in the absence of 1ce (both mtracellular and extracellular)
By comparmg the osmotrc pressure gradient requrred to damage 50% of the
ce‘l}s m thts experlmeat (8-8 9 atm) with the extrapolateppomt at which
50% mtracellular freezmg would occur at 0°C from the' experrment in
chﬂapter five (90.3 ‘atm) an excellent agreement is found. ‘The fact that
the Telatlonshrp between the critical osmotic . pressure gradtent and the
formatron of mtracellular 1ce isI temperature dependent and th‘e’»

ekcellent correlatron when the function is extrap'olated to 0°C prov1des

strongn eVrdence in favour of this theory

*

8. 5 Avordange Jof- httraeellular Freezing Wlth Respect to the. OSmOth
. Pressureigi’m %tp»"_-‘i,... 5 x-,-. IR A PRI

S . N - - . . - Y
s 0y ‘s 3 3 d A

The ’»only re-rnarnm‘g questhn is how this theory predlcts the

*

rmnibel

techmques Wthh are used to av01d 1ntracellular freezrng Both

strategles create shrunken cells before rapld cooling which concentrates

-



the solutes in the }bplasm., Thls serves to less

n | the osmotic

presstiw gradient during rapid coollng because the protoplasm is already

‘ "‘«jvery concentrated when thd‘l'apxd cooling is begun. Thus the osmgtic

zt
pressure gradxent can never deveIOp to a magnitude that would lead to

)\
the rupturmg of cell membranes .and intracellular freezing does not

g

h

ogcur

There is another method for avoiding intracellular freezing that

has not yet been dealt with: the technique of vitrification. This.

}
method avoids freezing altogether both mtracellular and extracellular

By making a very concentrated solutlon, ice formation can be avoided
during cooling and the sample can become an amorphous solid (a glass).

This procedure-is currently being used to preserve cell suspcrmons and

small tissues and is being applied in research projects «aimed at

preservmg whole organs. Without extracellular ice, the only way for

1ntracellular freezing to occur would be by critical .supercooling of the

protoplasm. This is highly unhkely, however, as the protoplasm is in’

osmotic equilibrium with the surrounding solution and will erefore

form a glass as well.

86 Consequences 'of This Work - . -

*%

This study has provided a novel theory of the mechamsm by which -

ice. forms inside cells during l'apld coolmg Naturally, there are

»several immediate implications whlch present themselves as a result of .

" thlS theory When coolmg cells for prcservatxon, it is valuable. to be

able to, predlct the COIldlthYlS under whxch lntracellular ice will form

smce ‘1t is desirable to avoid it. It is also de51rable tQ cool cells



5 "’5“

readtly//neasured (19 20) .

L&,

S s . N

\ 8

strength hthen rt is possrble to predrct\the maxrmu—m osmottc préssure
gradtent that the cell wxll be. able to accommodate\wrthout rupturmg
Thdse two propertres may well be closely related as they both@scrrbe

the mrcrostrue’ture of the plasma' membrane Thus 1t may be p0551ble o

(‘..

predrct Jntraf:‘ellular freezmg

B

ased ~solely ‘-‘Onf | the hydraghc

conductrvrty of the pIasma” membrane ThlS‘ would be deslrable as thrs

. L :

prOperty has been rneasured‘ for a2 vanety of cell types and can be

.

ne _ . L
3 ’ .

,\,'.. : ‘_

*The - next step to be taken w1th thrs- work 1s to applysrt "to

multrcellular systems The effects of 1ce in the 1ntercellular space B

must b\studled as well as the possrbrhty of mampulatrng the osmoﬁc

envtronmerrt at varrous 1evels w1th1n a ‘trssue Thrs work should be

4

pursued”wrth gusto as the 1mphcatrons o_ thls thesrs provrde a very

4

\that the current problems 1mped1hg the development o' "_ff

optlmlstlc vrew

te‘hnlques_for preser\nng organs at low temperatures can be overcome

R Ve

i ”'ng of organs and trssues a reahty

wa I A v \' G : §




that the_osmotlc plreSSure graxent that develops al:ross a cell membrane

when coolmg s too rapld,;to allow the cell to remam 1n osmotlc

B l

equthbrlum w1th the extracellular env1ronmer1t can cause a rupture 1n

the cell membrane whlch allows extracellular 1ce to nucleate the\

‘

protoplasm Tl'ns theory is cbnsrstent w1th the data and allows other

observatlons to be eéplamed For 1nstance, 1f cells are partlally

dehydrated before‘,[apld coohng is 1n1t1ated then mtracellular
w111 not form.‘ Wl}hm ‘the. framewor of the prbposed theory, thlS can be

- explamed by t_

/nt that form" ""‘durmg rap"

pressure grad1

reasonable to consrder thxs ‘theory as the mo t useful ba51s for

: analyzm%any event m?whrch blologlcal matenals are rapldly Epzen

“‘u'.p-~»‘r»' . N FEE

A

Mthat the 1n1t1al dehydratpn‘ lessens the osmotlc
”olmg | Thus s;f‘
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a’I‘hree prevlously published equation,s were used to calculate ’Soth" .
“the meltmg points and the sdlute concentrations of the various

\‘# .

. solutxons of DMSO ‘and glycerol Eor the DMSO solutions, one equatlon

~was smtable for calculatmg both the meltmg point and the composmon\

.« of the solutlon at a gtven temperature ,(26) Refering to equanon 1, S
is set to the initjal concentratlon of sol-utes and solving for Tm grves.

. " y
th_e, meltmg point of the solution. - To calculate the. solute

concentration at a given temperature, let Tm be the temperature' and
. ., ) ? . . ) ‘ P R LI ,.”,
solve-ifor ‘§iv, -~ . ‘

» . . { .
a SR oy « .

S
03

L T'.' = 06+ - <tan’ (R/Z) 2 . 3 .
o m=|] -0. O.17,tan,B‘ S+ ————132 - o 001 | §"+0.00045s (eq. 1) .
) . : B ) ' .o ] . #

v C | : )

. Tm' = melting temperature of solution (°C v

: S = concentration of total solutes (g 100g) A
R = welght ratro of DMSO/NaCl

' ®oT ' ' * ' .
Obtammg the melting pomts for the glycerol solutlons was not as

sunple smce Peggs equatmn (25) did not provxde satlsfactory results .
) for the solutmns bemg used in this study the equat1on was not derwed'
from data w1tbsuch a low concent&atlon o total -solutes ‘for& a glven R
'value). Thus the meltmg pomts weke obtamed using Fahy s
fsimglificanon (6)} of the thermodynarmc ‘ap"pliroxrmatrori of the melting

\"POint(e‘quatiQnZ)- e S A



. \r N . D
-l L2
‘

o ]
iy

L Tm (zratst

"~-5 (= X~ (oq. 2)

Tm - meltmz-temperature of solutxon (°K) ‘
Xs = 7olute mole fraction )

i

'.'l.c,‘;'l
Pegg'’s equ‘atton (25) was used tp ‘calculate the composmon of the
solutlon for a given temperature, hogveve\to allow for the error in

) meltmg pomt,s, a constant was added to\ the temperature for each
’

“solution.s Refering #p equation 3, the dtfference between the. elting

N pomt calculated from equation 2 and thatu calculated from equatlon 3 was

to Tm when solving for 5 in: equanon 3 . Yy
) IS L : -
o ) : v L
. 'Tm=S (16 - 127R - 0.25R) - 0.01S" (eq.3) .

»

¢

Tm = melting temper,atum of solutlon (°C) -
S = concentration of total solutes (g/100g)
R = wexght ratio of glycerol/NaCl
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readtly//neasured (19 20) .
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\ 8

strength hthen rt is possrble to predrct\the maxrmu—m osmottc préssure
gradtent that the cell wxll be. able to accommodate\wrthout rupturmg
Thdse two propertres may well be closely related as they both@scrrbe

the mrcrostrue’ture of the plasma' membrane Thus 1t may be p0551ble o

(‘..

predrct Jntraf:‘ellular freezmg

B

ased ~solely ‘-‘Onf | the hydraghc

conductrvrty of the pIasma” membrane ThlS‘ would be deslrable as thrs

. L :

prOperty has been rneasured‘ for a2 vanety of cell types and can be

.

ne _ . L
3 ’ .

,\,'.. : ‘_

*The - next step to be taken w1th thrs- work 1s to applysrt "to

multrcellular systems The effects of 1ce in the 1ntercellular space B

must b\studled as well as the possrbrhty of mampulatrng the osmoﬁc

envtronmerrt at varrous 1evels w1th1n a ‘trssue Thrs work should be

4

pursued”wrth gusto as the 1mphcatrons o_ thls thesrs provrde a very

4

\that the current problems 1mped1hg the development o' "_ff

optlmlstlc vrew

te‘hnlques_for preser\nng organs at low temperatures can be overcome
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i ”'ng of organs and trssues a reahty
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that the_osmotlc plreSSure graxent that develops al:ross a cell membrane

when coolmg s too rapld,;to allow the cell to remam 1n osmotlc

B l

equthbrlum w1th the extracellular env1ronmer1t can cause a rupture 1n

the cell membrane whlch allows extracellular 1ce to nucleate the\

‘

protoplasm Tl'ns theory is cbnsrstent w1th the data and allows other

observatlons to be eéplamed For 1nstance, 1f cells are partlally

dehydrated before‘,[apld coohng is 1n1t1ated then mtracellular
w111 not form.‘ Wl}hm ‘the. framewor of the prbposed theory, thlS can be

- explamed by t_

/nt that form" ""‘durmg rap"

pressure grad1

reasonable to consrder thxs ‘theory as the mo t useful ba51s for

: analyzm%any event m?whrch blologlcal matenals are rapldly Epzen

“‘u'.p-~»‘r»' . N FEE

A

Mthat the 1n1t1al dehydratpn‘ lessens the osmotlc
”olmg | Thus s;f‘
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a’I‘hree prevlously published equation,s were used to calculate ’Soth

“the meltmg points and the sdlute concentrations of the vanous

\‘# .

. soluuons of DMSO ‘and glycerol Eor the DMSO solutions, one equatlon

~was suttable for ealculatmg both the meltmg point and the composmon
.« of the solutlon at a gtven temperature ,(26) Refering to equatton 1, S
is set to the initjal concentratlon of sol-utes and solving for Tm glves
th_e; me-ltmg point of the -solution. - To calculate ’thé-v_ solute

concentration at a given temperature, let Tm" be the tempefature' and
o - . . ) “ I . [ )

‘ solve-«for ‘Si* -~ . ‘. _ [
<, TR T -
‘» - . i .
o " <tan’ (R/Z) 2 , 3‘"' e
Tm = [ -0.6 + 0.17 tan R ]s + ————13 - O 001 | § »0.00045S (eq. 1)
v ‘ . Ct A 2 v ) . ﬂ

v < : )
Tm' = melting temperature of solution (°C o
S = concentration of total solutes (g 100g)
R = welght rano of DMSO/NaCl

A

| . .
Obtammg the melting pomts for the glycerol solutlons was not a:

sunple smce Peggs equatmn (25) did not provxde satlsfactory result:
) for the solutmns bemg used in this study the equat1on was not derwet

from data w1tbsuch a low concent&atlon 0 total solutes for a glven 3

. o @
value). Thus the meltmg pomts weke obtamed usmg Fahy
. fsimp_lifi\catmn (6) of the thermodynarmc ‘ap"pbrox1mat10n ‘of the meltin
- ) - . ' ) ‘ . . . . - ‘ . #" . ,‘
\ - point (equation 2). . .. o . s o



0TS BT -m)"; ‘
e Tm (21'3 18).

- (1 = Xe¥ (og. 2)

Tm - meltmz-temperature of solutxon (°K) ‘
‘Xs = 7olute mole fraction ]

i
. , a
" . c‘:

Pegg’s equ‘atton (25) was used tp ‘calculate the composmon of the

) meltmg pomt,s, a constant was added to\ the temperature for each
’

“solution.s Refering #p equation 3, the dtfference between the. elting

solutlon for a given temperature, hogveve\to allow for the error in

N pomt calculated from equation 2 and thatu calculated from equatlon 3 was

to Tm when solving for 5 in- equauon 3. LI
| . . . . o
4 ) : v . o ) ‘
c ' Tm =S (1.6 - 1.27R - p.zsnz)-' -0.018°  (eq.3) .

y

Tm = melting temper,atum of solutron (°C) -
S = concentration of total solutes (g/100g)
R = wexght ratio of glycerol/NaCl
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