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The offzct of froczin~ on wlerocr—anicus tas kocn
tho sublect of a ~rcat rany réepirs. Trho early roporis
concernzd with tinc-temncrature rola-
tionships and thelr effect on the per ccant rccoverles

after freczing, Cnly rocentl; have expcriments

(Y]

tecen desirned to elucidatz the nicchanism of freez:

)

dcath and Injury. As yet, no cune neceranism proposad

'3
'3
6]

to account for decath and injury, has gaincd wide accep-
tance, Incdlicatlons are that the node cf actlon may be
deopendent on expcriacntal conditilons

Cne of the nore prominent theorlcs to ciplain
the action of frecezinm and thawing is that of m=tabolic
damage, It has been showm that organisms, after being
subjected to freezlns and thawing, are injurczd
metabolically, This has teen found to be manifcested
in various ways such as: 1ncreased nutritional require-
ments, 1nability to grow on sszlective mcdia, and loss
of motllity, The reason for thils metabolic injury 1is
not clear. Sevcral investlgators, such as Fartsell (1959,
1051), belleve that it 1is caused by the loss of cellular
constltuents due to cell leakare, It is the purposc of

thls work to determine whether or not cell lecakage,

1



loss of cellular meterial without 1lrsis, 15 occurrias

[ N}

vith ¢0lls of Zoebirichina el frozion 1o verilous

ot

and 1f this lcea’=e nntcrinl caun

suspendlng acen

ct

thz regplration rate of fromcn Z, coll,
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LITCRATURE REVIEW

I. General Aspects of the Effect of Freczing Cn Micro-

organisms

Microorganisms, when subjectcd to sub-zero tempera-
tures, give a broad spectra of damase and death, delzn-
dent not only on the obvious experimental variants, hbut
also on more subtle ones, Cne must not only be concerncd
with the speccles of orcganisms, time, tenperature and rate
of freezing, suspending agent, thawing tlme and temperature,
but with the past history of the organism, The method
of culturing the organisms 1s Jjust as Important as
the time and temperature of freezing, Since each in-
vestigator has estatlished hils own s stem to study the
gffact-of freezing, care must be taken in comparing the
various experiments and drawing conclusions., To complicate
matters, freezlng seems to have a bullt-in inconsistency,
which invariable effects each experimental trial (Camp-
bell, 1943; EBaum, 1c43),

Zffect of sub-zero temperature, DMacfayden and

Rowland (1900 a) observed that a wide variety of micro-
organlsms could survive freezlng at -1CO C for one week,
They made no attempt to determine the number surviving
after freezing., Smith and Swingle (1905), also using

3
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Salmonella tynhosa suspended in broth, they found a

29,5 % reduction in two hours at -17.C2 C, and 99,3 %
reduction for the same time of storage at -190 C, O©On the
basis of thils evidence, they concluded that reduction

in viable cell number was as great at =17.8 C as at =190
C., Freezing at =185 C and using the colon bacillus as
the test organism, Rivers (1927) found aprroximately the
sane percentage reduction, However, he employed several
freezings and thawings, which are known to cause much
greater destruction and damage (Smith and Swingle, 1905;
Hilliard et al,, 1C15), Welser and Osterud (1645), using

E. coll suspended in 1,0 % peptone water, found that

freezing at -195 C, and 1mmediately thawing, gave a 55,1
% reduction,

Other temperature ranges have also been used to de-
termine thelr effect on milcroorganisms, Bacterilophage
have sustained no loss in titer, when frozen at -78 C
Sanderson, 1925), Weiser and Osterud (1845) noted better
survival with E, coll at -78 C, than at -5, -15, or =30 C,

Most 1Investlgators have found that temperatures above
=30 C are more lethal to mlcroorganisms than below this

temperature, Hilliard et al, (1915), using E. coll

and Pacillus subtilis, found that -15 C was more damag-

™

ing than -2 C, However Halnes (193E), also using E.

coll, polnted out that storage at -2 C caused more
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reduction 1n viakle cell counts than storar~z at low:r
emperaturces, Turncr and Prajson (193¢) found no loss

of activity 1in various spirochetes and filtorabl:z

viruses at =72 C, tut storace 2t -10 or =20 C, was followcd

in the case of tha spirochetes k7 loss of virulence end

lore recently, Mezur (1970 a) has stated that

Saccharonrces cerevisias and Asp=r~1illus flavus, froz=n

in distilled water, were drastically rcduced 1n number
between the temperature range of -10 and -30 C, In the

case of Saccharomyces, thls was not in acreemznt with

Goetz and Goetz (1938), Although the experimental condi-
tions were quite similar, they found that the greatest
Injury occurred in the vicinity of -50 C, They did, how-
evcer suspend thelr organlsm for freczing, in Ringer!s
solutlon which would account for the discrecrancy,

Effcct of steorars time, Not conly is the tempera-

ture at whilch microorganisms frozen lmportant, but

also the length of storage, Prudden (1387) established
that when bacteria were frozen, a large percentaze ex-
hibited an "immediate death," followed then by a more
gradual storage death, This has proven to be one of the
few Instances 1n the literature of low temperature milcro-

blology where general arsreement was found,
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Selmen 1la t-rhosa, suspznded in saline and frozen

at =190 C was found ty Winchester and Murray (193%5) to

a )
te reduced from 1x10° to 1x10* viatle orzanisms 1in twen-
to-four hours. D2utl no furtrer drop was ncted for sampl:s

examlned daily for the next slx days, Welszr and

[@]

1T

%]

Osteorud (1945) also found similar ra: using Z. colil,

2.

and frozen at

D

The cells were suspended iIn 1,0 2 pepton
-195 C, Platz counts were made on sanmplzss thaw:d
Immediatel; aftcr five hours and tzn hours of storarce

at =195 C., The percentace reductlons wer: the sane for

createst

all tiree samples, s . cwinz clearly that tle
reduction occurs immedlately after freezin>, Rceves and

Farrison (1957) arain using E. coll but suspending in

h,6 M sodium chloride, otscrved that the createst per ccnt
reduction appcared in the first twenty=four hours of
freezing 2t -9 and -22 C, followad 1ty a morce cradual de-

cline,

1

1

3

5

¢ only extensive werk done on tie effect of storage

tine usinc a wide varlzsty of microorganisms was done Ly
Jones and Fabian (1952), Zighty culturces of tacteria
representing eleven different pencra were sulkjected to
freezing at -17,8 C, Twenty-elsht of these cultures were

thermorhiles, thirty were mesophlles, and scventecen were

psychropiiiles, Sampling was done tefore freezing and



7
after, at 4, 2, 12, 24, UE, 72, cZ, 120 rours, and after
six wecks, The sharpest drop 1in cell counts occurred
during the filrst twenty-four hours, followed then ty a
more gradual reductlon as storace time progressed,

Effect of coolin~ and warmine~ reate, Llttle work

has been done on the effect of cooling and warming rates
and their relationshilp to the freezlng and thawing of
microorganisms, With only a few exceptions, have investi-
gators reported tiie rates of cooling and warming, How-
ever, it 1is a well-=known fact that solutions which eare
rapidly frozen, rave different physical and thermo-
dynamlc characteristics, than solutions which are slowly
frozen, It 1s entirel; possible that these diffcrences
can ke translated into the effect they would have on the -
nicroorgcanisms suspended in the solutions,

Mazur, in a series of four papers (Mazur et al,, 1957
a, 1957 b; lazur, 1950 a, 1950 b), has done the only ex-
tensilve study on coollng and warming rates, aad their
effect on the freezing microorganisms, Theilr test

orcanisms were Saccharomyces cecrevisilae, Aspercsillus

flavus, and Pasteurella tularensig, suspended in a wide

varlety of menstra for freezlng, Issentilally, they found
a slow cooling rate (1 C/min) favored mlcrobial sur-

vival, while a rapid cooling rate (50 C/min) was detri-
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mental, PBut when thawing was carried out, a rapid
varming rate was better than a slow one, Rapid thawing
also favored survival of spirochetes as opposcd to slow

thawing (Turner and Trayton, 1939),

Effect of susoendin~ flvids, Tre nenstra in which

cells are suspended for freezing, plays a large part in
the survival of the cells, In fact, the suspending
fluid 1s probably more important than any other factor in
the effect of freeczing on microorgaiilsms, Depending upon
which suspending acent 1s used, per cent recoveriles may
range 1 to 69 ¢,

Various menstra have been used to suspend organisms

for freezing, Freezing E. coll in milk, Keith (1913)

found that 1little destruction took place, However, 1f

the milk.were diluted wilth water, the reductlon became
great.r, Tap water provad to be the poorest menstrum
used--only 1 % survivel at -20 C for five days, Distilled
water when used as a suspendilng acewt, gave just the
reverse results--about 95 ¢ recovery (Clement, 1971;
Harrison, 105%5),

Cream contalning 30 % butter fat, afford:d good pro-
tection to E, coll and B, subtilis (Hilliard et al,,
1915)., This is not surprising since cream would act
much llke milk, More quantitative results were pre-
sented by Clement (1961), who froze E, coli in skim milk

(127 Difco) at =78 C for two minutes, Eighty-six per c:ant
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9
of the organisms could ke recoveread,

lany other suspending agents have provided good
protection to organlsms upon freezing., Eeef-blood serum,
7.5 % glucose, 4,5 & glycerol, beef serum and T7.57 glu-
cose gave high per cent recoveriles, with E, coli frozen
at =78 C for two minutes (Clement, 19£1), Jones and
Fablan (1952) ob%ained their best survival by freezing
varilous organisms in venetable extract and 4O ¢ sucrose
solutions, Postgate and Hunter (1961) also found that
high molarities of glucose and sucrose, favor high sur-
vival rates,

Glycerol, which 1s a well-known stabllizer of other
biological systems, also has the same effect on micro-
organlsms, Gram positive and gram negatlve orczanlsms
suspended 1n Altiml brucella broth containing 15,0 %
glycerol, survived well after five months at -10 C
(Howard, 1956). The presence of 15 % glycerol, protected

E. coli, Diplococcus pneumonice, and Treponema pallidum

from damage by freczing and thawing (Hollander and Nell,l958),
Suspending of microorganisms in saline and buffer

systems has also been reported, % comparison of salins

and troth suspendinz medla was maée bty Proom and Hemmons

(1o49), Six organisms were used, Freezing was carried out

at =78 C, In all instances, recover; was four to eight






10
times greater in broth, wilth the exception of Staphy-

lococcus aureus where 100 # survivel was found in koth

saline and troth, TFreezing £, coll in sallne resulted
in greater injury than those suspended 1n nutrient
broth (Nakamura and Dawson, 1532), Organilsms suspended
for freezing In a high concentratlon of sodium chloride
decreased more rapildly 1n number than ones frozen in
distilled water and varlous concentrations of sugars
(Tanner and Wallace, 1931),

When phosphate buffer at pH 7.0 (0,0003M K32P04) vas

used as the freeze suspendlng agent for Salmonella tyrhi-

muruim, Sta-kylococcus aurcus, and Strerxtocceccus faeca-

e

e
CN
o
}—Io
o
o
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o]

lis, a S0 & reduction In viakle count was ott
twenty-four hours at -21 C (Woodiurn and Strong, 152C).
Eretz and Hartsell (1959) obtained similar results using

Z. coll frozen in phosphate buffer (11/15 pH 7.0 KEoPOy).

After freezing L. €o0ll for seven weceks at -2 C, they ob-

PR L~
vne ouvaner

[
—

tained a ¢S I reduction 1n viakle count, Cr
hand, Mazur (1620 a) found that 0.1 molar solutions of
K'5P0y, NaCl, and CaClp, when usecd as suspendlng medlums,
gave almost 1dentical results as those obtained with dis-
tilled water.

Effect of other factors, Most investijators have not

concerned themselves wilth studying to any extent, the more
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subtle manipulations of the experiments which can effect
the freezing and thawing process on microorganisms,
Trniese Include such fectors as : cell concentration, ags
of the culture, cultural condltions, pH of the suspending
fluld, and aeration of the cells befcre freezing, It
has, however, been shown that factors such as these can
slznificantly change the results obtained after freezing
and thawilng,

Major et al, (1¢55) demonstrated with Z, coli and other
bacteria, that initial cell number influenced thre survival
after freezing at -22 C, Pretz (1981) substantiated this
work using E, coli, He further stated that the greater
the iniltlal cell number, the greater the recovery,

Aze of cultures used for freezing can influence the
per cent recovery tut this 1is controversial, Cultures
of E, coll in the log phase of growth, were found to be
more susceptlble to freeze damage than those twenty-four
hours old (Toyokawa and Hollander, 1953), Jones and Fabilan
(1252) found no difference ketween log phase growth
cultures and old.r cultures,

Farrison and Cerroni (1955) and Harrison (1955)
aerated suspensions of E, coll before freezing at -22 C
for one week and found that the aerated cells were much
more resistant thnan those not aerated, DIEretz and Hartsell
(1959) also using EZ. coll and freezing at -9 C for three to
six months, reported that aerated cells were more sen-

sitive to freezing,
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The hydrogen ion concentration of the freeze sus-
pending menstra 1s of importance., Less damage occurs
to cells suspended in a medium around neutrality
whereas alkaline or acid conditions favor creater re-
duction in viability (Tanner and Wallace, 1931; Mc-
Farlane and Gorslinz, 10L3; Arpai, 19&2),

Other investicators have stressed the lmportance of
using diluents of high osmotlc strength such as 50 % su-
crose for diluting organisms after freezing (McCleskey
and Crristopher, 1041; Bretz and Hartsell, 1¢59; Hart-
man and Huntsberger, 1951),

II. Theoriles On the Mechanilsms of Freeze Death

A great many theorles have been proposed to explain
the cause of death and injury to microorganisms subjected
to scub-zero températures. Much difficulty has been encoun-
tered, due to the fact that ecach 1ndividual set of ex-
perimental varilables results in different per cent sur-
vivals, Any one of these variables could possibly
change the mode of action,

Luyet and Gehenio (1940) have discussed fully in
thelr monograpn on low temperature, the theoriles of
death, They presented a 1list of theories which a number
of workers have used to account for tix: mechanism of
freezing as follows: (a) A withdrawal of energy, (b) the

attailnment of minimal temperature, (c) mechanical injury
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(d) too rapid thawing, (e) dehydration, and (f) various
physlological, physical, and chemical chances, While
most of tliese theorles have been postulated for
blological systems other than microorganisms, they still
could apply.

Belehradek (1935) has also nostulated mechanis.is
cf freeze death and injury, They are llsted as follows:
(a) intracellular lce formation wilth resulting cell wall
rupture by dilation of the freezing water, (b) cell de-
stroyed on thawing, (c¢c) mechanical crushing of cells ty
extracellular ice, (d) formlng ice withdraws water from
the cell causing dehydration, (e) ice forming outside
the cell destroys the protoplasmic surface-layer, (f)
lce 1s produced 1n the interlor of the cell with a
simultaneous 1ce formation around the cell, (gz) death
occurs without ice formation by direct action of cold,
Agaln these theoriles pertain more to systems other than
microorganisms, but they have at one tilme or another
found wilde acceptance to explain the freezing phenomenon
In mlcroorganisms,

Extracellular ice threory, Kelth (1913) postulated

that the mechanicsm of freeze death was mechanical destruc-
tion by i1ce crystal formation, His evidence came from

the fact that milk and glycerin (5 to 42 %) when used as
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suspending agents, afforded good protection to tacteria
upon freezing at -20 C, Tap water did not favor sur-
vival, He believe that as the solution froze, the
bacterla and non-aqueous rnatter were euxtruded from the
forming ice crystals, The cells were then protected by
elther laying in or among these materials, thus pro-
tecting them from: beilng cruséed or otherwise injured,
Tap water, on the other,hand, would have just the opposlte
effect, The bacteria would be crushed by the ice crys-
tals, Conclusions drawn by Hilliard and Davis (191%)
supbort those of Kéith's, that extraccllular ice forma-
tion was the mechanism,

Further evidence to support the extracellular ice
theory comes from Goetz and Goetz (1938), They used

Saccharonyvces cerevisilae suspended 1in Rincer's solution

and frozen at different temperatures, Freeze death
in this instance, was termed physical death, Physical
death and ice crystallization were found to be definite
functlons of each other--by suppressing crystallization,
the death rate could be controlled,

Weiser and Ostecrud (1945) susgest strongly that the
"immediate death" occurring when microorganisms are fro-
zen is due to extracellular ice formation, By using

freezing times of only elghty seconds wilth Z, coll sus-
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pended in 1,0 ¢ peptone, pH 7.0, and visually observ-
ing ice formation, trey fouad the createst docrease
in viatle cell counts to occur during foriatlon of ice,
Proom and Fermons (1¢lQ) stated that extracellular
lce crystals punctured tihie cell wall and mecmbrane,

Thelr results revealed trhat Starlrlococcus aurcus, =,

coll, and Shi~ella dysenterlas survived nuch better

when in saline and broth at -78 C, than Vibrio comma,

Neisseria intracellularis, and Neisserla conorrhoeas,

Differences in survival between these two groups of
orzanlsms, they postulated, was due to the strength of
cell wall, In fact, they did find many degenerative
forms on microscopic examination,

The evldence agalnst extracellular ice as the
mechanlsm of freeze death and Injury 1is Jjust as impressive.
Put 1t must be kept in mind that experimental conditions
are not the saie, therefore possibly resulting in
different mechanisms, The most strikin; evidence that
extracellular ice does not mediate death and injury to
microorcanisms,was recently presented by Eretz (1901),

By freezling E., coll at -9 C on cellophane or membrane
filter disks and comparing survivals after freezing to ceglls
suspended 1n M/15 phosphate buffer and treated 1In the

same manner, he found that the results were the sane,
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Since extracellular 1ce would not be present on the
filters, 1t can te ruled out as the cause of decath,
Harrison and Cerroni (195%) presented data corre-
latliio physical strength and susceptibility to freez-
Ing to disprove extracellular ice and its crushing

effect, Two test organilsms, E. coll and Microbacterium

flavum were employved, They made two suspensions of
each organlsm; one was frozeh and thawed a number of
times, the other belng blended in a tilssue dlsintegrater,
E. coll proved to be more susceptlble to freezing and thaw-
Ing than M, flavium, though E, coll was physlcally strong-
er, as shown by the disintegrater experiments, From
these data, they drew the conclusion that there weas
no correlation between the physical strength of the cells
and thelr susceptilbllity to freezing, On the basils of
thls evicdence, they further concluded that the lethal
factor of freezing and thawing was not mechanical,
Several investicators, Halnes (1938) and Jones
and Fabian (1952), have shown that different species of
bacteria did not change 1n silze after freezing nor could
they find any brolren or distorted cells, If ice crystals
dild crush cells, these chanzes should have been evident,
Weiser and Farciss (104E) desizned an erperiment to

prove or disprove the mechanical Ice crushing theory.
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The test orraniem, I, coll, was suspcnded 1n o 10 7 su-

0

(
a)

crose solution, Only 0,02 ml, of the suspension was
placsd between o cover slips and frozzona 1 lig:rid
nltroren, This rapld freczinsg causcs the formation of
a vitreous state, Thawlanz was then carried out in one of
two ways 1n order to bring about elther devitrification or
vitromeltinz, The control was a sanple which was allowed
to crystalllze, It was expected that the vitrifying
and vitromelting would cause the least daracc, and
crystallization and devitrification, the most damare,
However, 1t was found that crystallization caused the least
damagce, 1Indicativg that extracellular ice formatlon was not
as lImportant as previously thought,

It 1s well lmown that cold shock can injure micro-
orcanisms (Hegarty and Weeks, 1040; Meynell, 1958),
Thils implles that death may be due to the effect of
cold alone, and mediates to an extent, agalnst the mechanl-
cal death theory. However, Wieser and Osterud (1945)
found that upon supecrcooling suspensicns of =, coll, re-
ductions of only about 3 & , as opposed to reduction
of about 50 # for freezing occurred, IMazur (10850 a,
1020 b, ) also found this to be true, FHarrison (1955),
using several different organisms suspended In 4,6 M

sodium chloride, got good reductions upon supercooling,
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Tre difference protably lies 1In the fact tret
Weiser and Osterud used a different susvending azent
than Harrison,

Intracellular ice thecry, Intracellular ice forma-

tlon has often been postulated as teing the major factor
in freeze damage to mlcroorgzanisms, Due to the smell
slze of the organilsms, all evidence to date has been by
necesslity, circumstantial,

Mazur (190 a, 1960 b) has been the main proponent
of Intracellular ice formation 1n microorganisms as the
chief cause of death and injury, Evidencc for thils, he
telieves, comes from the fact that the organisms he uscd
nave a definite temperature range, where injury 1s the
¢reatest, According to hls theory, extracellular ice 1is
a prerequilsite for intracellular ice formation, He
sucgests that water withiin the cell has a tendency to
supercool, possibly due to the fact that there 1is 1litcle
likelihood for nucleation centers to form in very small
volumes of water found in the cell.:.-But when extra-
cellular ‘ice appears 1n the external medium, it enters
the cell, acts as a nucleatlon center for the super-
cooled water, and effectively seeds 1t, causing freez-

ing, This explanation requlres further hypotheses,
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First 1t must te assumed tunat ilce cr; stals can enter
into the cell, This, he feels, is accomplished by
the fact that the cell memktrane and wall have small
water-f11led chanrnels only angstroms in dlameter, Ice
crystals must have a sufficiently small radius of curve-
ture 1in order to pass tnrouzn tiese channzls and seed
the 1ntraccllular water,

Since it 1s known that the equilitrium freezing or
melting point of a crystal of such a critical radius
would no longer ke O C, but at a much lower tempera-
ture, possibly even =30 C (Chambers, 1959Q), 1t fits the
data which Mazur ras collected, Thils would exglein
why rarid coollng is Bo letral aS‘OppOSEd to slow cool-
inz. Small ice crystals form when rapld coollng takes
rlace, and these are small enougn to pass trroush thne
pores, Slow cooling would favor much larcer crystals
and Lindecr passage, Nel (197C) has reported photo-
graphing intracellular freezing 1n rapidly cooled ;east
cells but not 1n slowly cooled ones,

Calorimetric measurements on populations of ;east
cells that allowed dcterminations to be made on the
fraction of cellular water frozen as a functlon of
tempcrature, have been made (Wood and Rosenburg, 1957).

Dcterminations showed that normal yeast cells contain
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69 % total weter, As the temperature was lowered
below O C, a pro_ressive amount of thils was frozzn
until at =22 C, a.out 877 of the total watecr was fro-
zen,

Welser and Ostepud (1S45) presented evidence
azainst the theory tl.at ice forms withln tacterial
cells, Thelr first finding in support of this, was that
the intensity of the freezing temperature nas no in-
fluence on "immediate deati" due to freczinz of E.
coli in 1.0 & peptone, If intracellular ice were to
contricute a lethal effect, there should be some
temperature where the letnality waa more pronounced,
Repeated flucuations of the suspensions tetween the
temperature rances of -1,5 C to -195 C, did not cause
any more dameagse than that in stored controls, Finally
it was okserved trat marked "iimedlate death" occurred
at temperatures just below O C, where intracellular ice
would not te expected to occcur,

More direct evidence agalnst intracellular ice
comes from Haipes (1932) and Jones and Fabian (1952),

By staining cells after freezin, nelther could fliud any
distorted cells which would Le expected to occur in a
population, 1f extensive damaje due to the intracellular

or extracellular mechanical action of ice had occurred,
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The withdrawal of water from cells, dues to the
formatlon of the extracellular ice and tite tound water
present in cells (Luyet and Gerenio, 1040), nediates
against intracellular ice formation, Tie various
eutectic polnts of the grotoplasm of microbial cells
would also offer protection against intracellular frecz-
iIng at hizher temperatures,

Luyet (1921) could find no evid.nce of inmiracellu-

lar ice fornction in frozen cells of Siriurtococcs loc-

tls examined with tie elcetron microscope, IIls cri-
terion for intracz=lluler freczing was comparison o’

cell size and cytorlasmic crenule disturcancz Lo un-
frozen cells,

Concentratlon of sclutses theory, As rreviously

stated, most investizators wio Lave used distilled watcr
to suspend microorianisms for freezinz, rave found it
not too detrimental, Rccovesrics rave usually teen te-
twzen 20 and C9 %, tased on viatle cell counts, Iow-
ever, 1f certaln solutes or electrolytes arz added to
distilled water, the per cent survivals are 1n many
casas., decr:2asc¢, This phenomencn ras been attri-
tuted to tre concentration of tl.ese solutes or elec-
trolytes around the cells durln~ freezing., Ac water

freezes 1t extrudes this forzi-n matter, lcaving 1t un-
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frozen until thre various eutectic polnts are rcached,
I'aines (193%), in ris classical worl: on the effect
of freezlng on bacterla, found that -2 C was trne most
Injurilous storace temperature, Working with Pseudo-

nonas aerucinosa, he isolated the native cellular pro-

teln by low temperature extractlon methods, Upoun

freezing the proteln at -2 C, he found that one frac-

tion rapidly coa;ulated. Such flocculatlon was nezll-
glble at -20 C, This lead him to postulate two factors
belng responsible for tacterial freeze death: one unknowmn
but apparently not mechanlcal, and the other causilng

the flocculatlion of cellular protein, He thought 1t was
possiktle that the flocculation was due to concentra-

tion of solutes or change in pH,

lore recent work with E, coll and Lactobkacillus

fermenti suspended 1n troth, broth diluted ten-fold,
one-hundred-fold, and distillled water wilth freezing at
-22 C, has shown that per cent recoveries are higher,
the more dilﬁte the broth (Harrison, 1956). Undiluted
brotn gave the smallest cer cent survival, whereas dis-
tilled water gave tne highest, By using 4.5 M sodium
chloride which remained unsolidifiled at -22 C, the sur-
vival curves had a continuously nezative slope, 1ndi-

cating that solute concentration was provabtly respon-
S %
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siblze, Takln; advantage of the fact that‘glycerol
protects Z., coll when frozen, he designed an experi-
ment using two different suspendinz azents: 4,1 M glyc-
erol, and 1,4 M solium chloride, Cooling was carried
out at -22 C for one-and-a-ialf hours without 1ce
crystal formation, GClycerol alone, caused no reductlon,
Sodium éhloride (1.4 M) produced €0 % reduction but thne
glicerol-sodium chloride mixture caused only 25 % re-
ductlon, It therefore scems that glycerol acts ds a
solute buffer, protecting cells from kign concentra-
tions of solutes since 1t can counteract rwuch of the
damage Induced by the sodilum ciiloride,

Further worlk along thils approach by Recves and
Farrison (1957) supported their previous work., They
found that cells whilch are able to survive the rapid
decline in viatility at -22 C in 4,5 M NaCl, are able
to maintaln themselves 1n it for long perilods, but this
rcsistance 1s not heriltable,

Poth Lovelock (1957) and Meryman (1952), who have
vorked extensilvel; wlth the effect of freezing on red
tlood cells and marmalilan cells, telleve the damage 1s
due to concentration of electrolytes,

There are rcports in the literature whici: provide

evidence that hil h concentration of sclutes and their
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otrer effects arc not opcratlve uvad.or ccrtaln clreui-
stancces,

As wags statzd before, Tretz (1971) froze kacteria

(98]

on cellophane and menbranc fillters, Results 1ndicated
that reductions were as low as those for orcanlsiis sus-

pended in 0,067 M phosoplate buffer, Since organisns

v

Impinced on cellophane and membrane filters are not in

ty

of

e

icil

)_..
Ty

a liquid medium, thls eliminates the poss
concentratlion of solutes,

Mezur (1950 a, 1950 b) has spoken out aceinst
hi-h concentration of solutes as the major cause of

damase 1n freezing With Saccharomczs cerevislae sus-

pencded 1n 0,1 M solutions of KH2P04, NaCl, and CaCl2,
he found the per cent survivals compared favorably with
those of distilled water suspended organism after freea-
ing., He also stated that 1f death were thc result of
high concentration of solute, one would expect longzer
exposures to procduce greater damace, He found this to
be Jjust the opposilte,

In an experiment similar to Harrison's (195¢),

Mazur (1950 b) used Asperigillus flavus spores suspended

in unfrozen and frozen solutions of 4,0 1M calcium chloride
and 3,3 M MgClg. If the media were to be lept 1n an un-

frozen state, the recoveries would be hilgh., However, 1f



25
trey were frozen, recoveries wcre very low, This
seems to mediate agcalnst high concentration of solutes
in this particular system,

Mctatollic dama~e theory, It 1is possikle that the

freczing process severely stresses mlcroorganisms,
causing Injury which 1s manifested by metabollc darage,
This damage could appear in many forms which would
progressively dezrade the cell until death resulted,
Currans and Evans (1937) and Nelson (1S43) drew
attentlon to the fact that tacterla and their spores
are more demanding in their nutritlonal requirements
after being subjected to extremes of physical or chemi-
cal environment, Similar reports have shown that the
same 1s true for freezinz, Gunderson and Rose (1948
found that violet-red bile azar is very 1inhititory to coli+
form organisms found in foods, Goresline (19U46) re-
ported the glucose tryptone azar was superilor to other
plating media 1In the recovery of orgenisms from frozen
vegetables, Hartsell (1951 a) did further work on this

with E, coll, Shicella dysenterilae, and Micrococcus

aureus suspended in a preparation of egg-culture mix-
ture and freezing at -9 C and -18 C for up to a yecr,

He found that Z, colil and S, dysenteriae grew better on

yeast extract-veal infusion agar, than on MacConkey agar



~
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after freezins, Ilischer rocoveriles were also found on
VZ=VI azar, than on Stapnylococcus 110 a-ar wien

I, aureus was frozen iIn the same manncr,., Yeowever, if

P.J

the defrosted or-anisms vwere allowed to stand for

one to six rours, no innkibitlon was found upon platin;
them on thelr respectlve sclectlve mmedia, Thre reason
for tctter recoveries on VE-VI agar, iz fclt, was due
to ccrtaln vitamins end trace el:imonts, plus the fact

tiat 1t contalned no sclectlve, toxle a

A similar pubrlication t; I'ertsell (1651 t) also

showed that such sclcetive medila as desorpciiclate, violet

“

red tile, lMacConly and Staphjylococcus 110 2

ribvitor:; to tacteria aft:or they

v

l:ave Yecen frozen in tectf

-~

and pecas, YZ-YI arar was acaln used as a standara

.

reference medium, He 1s of tie opilnion that the freczing

2

process like the heatling process 1n foods, alters the
nutritional recqulrements of bacteria, If then, these
cclls are glven a booster dose of metabolites, they
can te recovered,

Zvidence of thils naturs stroncly susmcsts that the
cells are 1n some way injured or dame~ed, Dubos (1937)
showed that pncumococel, lilving or dead, to te liatle

RN

to 1lysis, st lave thedr autol;tic enzymes actlvated,

Freczine accomplistcd this ectivaticon, Yeinas (102°7)
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found that the yrotein of Pz, asru~incg2 could bu

denatur.d by freczling, indicating possilbls injury,

depending upon tire cxtent of danage, Turncr and Tray-

N ()

ton (1239) rave suncested that freezing of microcr-anisns

-~ -

PR

at temperatures in the viclnity of -10 to -20 C, could
brinz about injury malnly Yre chanzes incldent to cell
netabolism or to proteolytic or other enz;ucs.

The 1injury to microorganlcms can ke prorressilve,
crhanzing unharmed cclls to Injured, with varying degrees

(Straka and Stolizs, 1059 Using this criterion, Straka

S

™.

and Stokes found that this was true, I using a siyn-
thetic medium and a complete medium (trypticase soy

azar), they were arkle to show that Z, coli and several

specles of Psendomonas were metabolically damac:d after

freczlng at different temperatures and tilmzs, Tikis
metabollc damarse was manlfested ty the fact that the
complete medlum could recover more organisms than the
synvhetle, The per cent of injured cells 1in a populatlon
after freezilng, was determined quantitatively by the
difference 1in plate counts on the two media. Injury variecd
with the tilme and tempwrature of storage, and with

the nature and pH of tThe suspending fluid, The addi-

tion of 2 ¢ tryptlcase to the synthetic agar increased

recoveriles after freezlnr, to those comparable wilth
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trypticase soy acar, OCther substances which did not
prove actlve included acid hidrolyzed caseln enriched
vlth cystine and tryptorhan, mixtures of P-vitamins,
purines, and pyrimidines., They surgest that the acti-
vity was due to the presence of peptides in tle trypti-
cane,

Work with Shi~ella sonnel bty Nakamura and Dawson

(1972) has shown the same type of freeze injury. Cells
frozen In salilne exhibited greater injury than those
frozen 1In nutrient broth or mllk, Py addition of meat
extract, peptone, or casamino acilds to thelr synthe-
tic medium, recoveries werzs agaln rrought to the level
of those on nutrient agar ;nd arain-heart infusion
azar contalning whole human or rabtit blood,

Arpai (19£2,1903) also using a comparison between
a complete medium and s;nthetlc medium to determine
frecze damage, found that as the temperature was lowered
from -7 C to =18 C or -30 C, the decrease in the number
of unharmed cells was much lcss rapid, He also found
that the number of injured cells increased as the killing
rate decreased, Uslng motility as a criterion of freeze
damage, he found that 1t could be correlated to non-
lethal metabollc freeze injury and further,injury was

effected by the time and temperature of storage as well



n
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as the nature of the suspending fluid,

Moss and Speck (1¢73), using Streptococcus lactis,

have reported metabollc damace dve to freezing, using

techniques similar to those just dilscussed,

&)

Cellular lea':a~e and 1lts consequences, At the pre-

sent time, 1t 1is currently acceptable to speak of
"lealry bacteria" (Hartsell, 1252Q) and cellular effluent
(Farrison, 19%1), Leakaze has been found to occur not
only 1in frozen cells but 1n cells which have bcen
stressed in other ways, There also secms to ke an
Interrelationship ketween cellular leakage and cell
metabolism, It has been further reported trat the
leakarse material and other subhstances can stlxulate
or restore cellular activity, depending on the cri-
terion used., At the present time, this concept offers
a plausilble explanation for frecze Injury end death
and perhaps other tyoes of ccllular injury cnd death,
Hartsell (1951 a, 1951 b) and Squires and Ilertcell
(1955) reported tlat or-anis.s frozen and thawad, ini-
tilatcd more rapld rrowth than those which werce not
frozen, Tancsuay (1952) also found this greater zrowth
response wlth several of his test organisms, Fe indl-
cated that it was possitle that this could ke dus

accurnulation of stimulating materials within ths cell
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during frozen storce,

TTA

Further ¢laboration on tils theory cane from Hart-
s211 (1959) as follows: "Storage at subfreezing
tempcratures createcs a special type of dormant state
in nonsporulatins species, A synthnesis, even at sukb-
freezing temperaturcs, mizht allow substance A To ke
utilized in product C, but the use of product C to form
D, which latter product is essential to cellular divi-
slon, could not occur until the cells were defrosted,
If thls conceptlon of events 1is true, product C should
accummlate as the cells are neld in storage and could
te 1solated if appropriate techniéaes were available,"

Tre 1solatlon of product C was reported by Hartsell
(12%1)., It is called "Factor S" - - for stimulating,.
It can be 1solated from Z, coll suspended 1n Sorenson's
buffer for fifty-five days at -¢ C; as yet it has not
teen ldentified, The ylelds of the factor are very low,
It can stimulate otker bacteria, and 1t appears not
to be a vitamin, amino acild, or a carbohydrate, Meh-
ler and Hartsell (1953) developed an assay procedure
for "Factor S" activity by observing spectrophotomet-
rically, 1ts stimulating influence on the growth rate
of homologous and/br hetcrologous broth cultures, Other

organisms which were found to produce "Factor S" were
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Pseudomonas fracl, Sarcina 1ites, Stanr"lococcus aureus,

Faclllus co2mlars, Peclllus stzerothcrmophiluc,

Deotto (1¢Ll4) also observed a sti.ulation in cold
shocked =, coll, Uslng warkury techniques, he found
that 1f the cz1lls wer:e rlaced at O C for 20 to 30
minutes, they showed an increase in oxyrcen uptake after
being placed tack in the water t&h at 35 C, It was
thought that stimulatlon was indepencdent of multipli-
catlon of the cells and dependent upon the literation of
a resplratory stimulant from the cold-shocked cells,

Tretz (1958), attempting to characterize the pro-
pertles of the leakape materlal foom Z, coll frozen
at -9 C 1n phosphate buffer for various periods, found
no release of ultraviolet-adsorbing substances, but
ninhydrin-positive materials were detected,., ILater,
Bretz and Pasa (1950) demonstrated that the loss of
this material from E. coll 1In M/15 phosphate tuffer
stored at &9 C, protected the survivors, They also
showed that this materlel adsorted to the cells,
Characterizatlon of this materilal was carriled out
(Ambrosini and Eretz, 19%53) by dilalysis, ashing, and
chelatlon experiments, It was shown that the pro-
tective factor was not a metal, or small molecules,

Norite treatment and dlalysls demonstrated that large
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and small molecular welcht compounds were precenc,
The large molecular =él~ht compouncs gove protectilon,
while the smaller molecules were &ctuzlly inhibitory,
Other examples of lealage materilal from microcrian-
isms have been reported in ths literature, Holdcn (195%)

found that nucleotides leached out of Lactckacillus

arabinosus durinc incuba’ion in phosphate buffer at

37 C, These nucleotldes came from the degradiiion. of
intracellular nuclelc aclds, Ultra-violet absorbing sub-
stances were detected 1n cell leakage material from

Peclllus me~atherunm suspendced in phosphate buffer for

two hours at 37 C (Delemeter et al,, 1750)., To
fractlons were detected, one dlalyzarle and the other

not dlalyzarle, Vashed cells of Saccharonces ccre-

visiae, Incubated in .00 M sodium citrate for two

hours with 2 ¢ glucose added, leached material (Higuchi
and Uermra, 1959), The supernatant contained ultra-
violet absorbing substances wilth a maxirum at 258

rmu and a minimum at 235 to 240 mu., The nucleotides

were protatly fragments of ribonucleic acid., By freezing
and thawing the cells, thec supernatant weos found 'to con-
taln a greater quantity of material, However, they felt
that not all of thils material mizht te the same since

an 1Increased absorption at 230 to 250 mu was noted,
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Littlec work has been done with the lcaltage material
from frozen cells as far as their effect upon celluler
metabolism and restoration of activity., VWork has
tean done with restoring the viability of cells exposed
to ultra-violet 1lizht, heat, and chlorine (Hermets et
al,, 1954 a, and 1934 b), usin: various metabolites,

Lund (157%1) incubated frozen washed yeast cells in
supernatant collected after feeezlng and 1n distilled
water 1n VWarburg vessels, With the frozen ccll super-
natant, an 8¢ % increase in cellular nitrogen was found
as opposed to only a 5 ¢ l1acrease in distillled water,
Lealtace of phosphorus into the suspending medium was
detected also,

Povernick (1957) and Fovarnick and Allen (195L4)
found that typhus rickettslae frozen in dsotonic salt
solutions, showed a creatly daceeased toxicity for mice,
hemeclytlc actilvity, resplratlon, and infectivity for e;-s,
Nlcotonamlde acenine denuclcotlde could restore most
of this activity and cocnzyme A, part of the activity,
NAD wag detected 1n the suspendling medium aftcecr freez-
ing.

It has been postulated that freezlng causcs an
altered permeabllity of the cell membranc or wall,

Changes cuch as these would permlt the loss of celluler
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constituents and perhaps the entry cf some previously
Impermeable substance,

The term, osmosensitlveness, has been applled to
changes 1In cell wall and membrane of frozen orcanisms
upon freezins (Tretz and Hartsell, 1¢50), T .y found
That 10 € sucrose was a better diluent for frozen
orcanizms than distillled water or various phosphate
buffers. The high comotle strength of the sucrocse
diluent protected the frozcn orgmmisns bty crcating a
nore favorable environment and perhaps stopped leakar=
from these cells wven after freezing,

Lipld-protein complexes of cell membranes could
possibly be ruptured upon freezing since they are not
held togzether by strong covalent bonds, but by weak
association forces (Lovelock, 1057). Causcs of this
could be 1Increase 1n electrolyte concentration changes
in pH, and removal of water, His work with red blood
cell membranes, proved that the cells lose phosphollpids
when suspended 1n varilous molar solutlons of NaCl.

Lysozyme 1s known to attack cells which in some
way have been stressed by heat, freezing, etc., Ko»n and
Szybalskl (1959) and Kohn (1920), working with E. coll,
found that the cells were 1Insensitive to lysozyme 1n the

growing or resting cell states, However, frozen and
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thawed organisms were sensltive to lysozyme, They
postulated that frecezinc and thawing Tore open the outer
layer of the cell wall, which 1s telileved to be a
plastilc lipoproiein layer and rcsistant to lysozyme,
Restoration of lysozyme 1nsensitivity occurred in about
30 minutes after freezing and could not be stopped by
such inhilbltors as chloraphenicol, This I:pllcs that same
type of repalr process 1s going on in these cells due to
the damase caused by freezlng.

Other permeabllity alteratlions have also been
noted, TFaker's yecast, when unfrozen, does not adsorb
or metabollze citrate but once it has been frozen, ciltrate
becomes frecely permeable but still is not metabolized

(Foulkes, 1o54),



MATZRIALS ARD METEODS

Cultivation of organism: Esch richia coll (ATCC#

11303) obtained from the Division of Laboratories,
Michigan Department of Health, was uscd throughout the
work. Cells wesre grown on tryptone gluccsc extract
agar slants for 18 hours at 37 C and harvested with
the proper diluent. The pooled cells were placed in
sterile centrifuge cups, centrifuged at 12,100 x g for
20 minutes, and washed three times with the proper
diluents, Sufficlent diluent waa then added to give a

final concentration of about 2.0 x 10%°

organism per ml,
with a dry weight of about 6,0 mgm per ml, After the
cells were thoroughly mixed, serial dilutions were

made using Butterfield's Buffer (Butterfield, 1¢33).
Duplicate TGE agar pour plates were made and incubated

at 37 C for 24 hours before counting,

Suspending fluids, Four different suspending

fluilds were used to suspend the organisms for freezing:
(1) distilled water, (2) 0.65 % NaCl, (3) 0.15 M phos-

phate buffer (10.65 g. NaEHPO 10.25 g. NaHi,POy. H5O,

Ll“’
1000 ml distilled water) pH 6.8 donid.strength 0,12, and
{4) 0.06 M phosphate buffer (4.20 g. NaylPOy, 4.14 g, Na
HyPOy H2), 1000 ml distilled water) pH 6.8 and ilonic

strength 0,30, Hydrogen 1ion concentration determina-

36
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tions were made on tiz distillad wat:cr and C.25 7 NeCl,

J

arout

“uy

(@)
0

.2, For this rcason,

]

Irn most 1Instances, tre 2’1 wa
the prosrphate huffers wsre rade to p2l 2,2,

n~ and Stora~2, Five ml portions of the

e

Frezz

tted into sterils 2C:2150

(@)
(0]

IS
Ny

cell suspensions wore pi;
mm class test tutes for freezins, Freezing end storace
of the cell suspension were carricd out 1n a cooling
tath containins a mixture of 95 % etranol and water
placzd 1n the frececzinc compartment of an ordilnary
refrizerator, The temperature of the tatnh wes =17 C +
1, A frequent check was made on the temperature of the
tath with a thermometer, and a Micromax Automatic tempera-
ture recorder (Leecds and Northrup Co,, Philadelphia,

Pa.,). The glass test tubes werc placed in a slanted
rosition to avold btreakaze, From 5'to 7 minutes was
required for freezing of the 5 ml portilons of thre cell
suspenslons, torage time was 22 hours.

At the end of a storace period, ths tutes were re-
moved from the freecze rath and thawed bty Immersion with
gentle aritation, in a 50 C water bath, Abtout 9O
seconds were required to thew the suspension and reach
room temperature, The cells were then pooled iﬁ storille
centrifuce cups and mixed, Determination of vilalle cells
was made as previously descrited,

Prcparation of cells for ox:cen uptalke expcriments,
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In 2ll experi.ents, 0,5 ml of the restins cell
suspznsions, was added to thz Worrury vesszls, Thrce
different prerarations of the cells wecre usced in the
Warburg apparatus, depending upon the cxpcriment:

(1) unfrozen cells prepared as previously de-
descrited

(2) cells frozen and thawed just prior to use
(These will be termed "frozen cells")

(3) cells frozen and thawed, separated from their
supernatant by centrifugatlon, and resuspended
in the same type of fresh diluent (These will
be termed "centrifuced cells")

The procedure for the preparation of (2) and (3)
was as follows: From 3 to 5 ml of the pooled frozen
cells 1n the centrifuge cups were removed, The re-
maining cells were centrifuged 1in the cold for 30 min-
utes av 22,000 x g, The resulting supernatant was de=-
canted and the volume noted, Thils represents the fro-
zen cell supernatant used in thrhe oxygen uptake stimu-
lation experiments. An equal amount of the proper
diluent was added to the cells 1iIn the centrifuge cups,
followed by thorough mixing., Viable cell determinations
were carrled out on these cells to ascertaln if the

proper cell concentration had teen maintained.

Manometrle teclnicues, The usual Wariturg techniques

were employed to determine the wxygen uptake of the cell
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suspensions (Unbrsit, et al,, 1027). The contents of the

flasks were: 0,5 nl of the resting cell sucpensions, 0.5
ml of 0.067 IM phosphate buffer pH 7.0, with 0.2 ul of 20 ¢

KCH 1n the center well, In all experiments except one,
0.5 ml of 0.05 M rlucosz ("Difco" Dacto-dextross) was placed
1n the side arm as sukstrate, To determine whetlhier or not

the cells had underrcone a permeabilility chansz, 0.5 nml of

2.

0.C5 M sddium citrate was used as substrate, clther alone,
or with 0,1 =1 of 0.Cl I sodium acetate, Thz volume of the
vesscels was broucht up to 3,0 ml by the acdditlon of dis-
t1lled water,

The frozen cell supcrnatants from each of the four
freeze suspending azcents were tested acainst thelr respece-
tive centrifuced cells by adcding 1.3 ml of the supernatant
to the vessels in place of distilled water, 0,827 saline, and
0.15 M phosphate buffer were tested ty additlon of 1.3 ml to
th2 vessels as follows:

(1) frozen cell supernatant from distilled water sus-
pended cclls, tested with centrifu~cd cells which
rad becn frozen 1n 0,077 saline and with centri-
fured cells which had teen frozen in 0.15 M
phosphate buffer,

(2) frozen cell supcrnatant from 0,257 saline sus-
pended cells, tested with centrifured cells which
had been frozen in distillled water arnd with centri-
fured cells which had been frozen 1n 0.15 i
prosphate buffer,

(2) frozen cell oupyrnet nt from 0.15 II phocphate
buffer sucpendzd cz2lls teosted with centrifure
cells which had bean frozen in 0,95 ¢ salirne

d
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and with centrifugzed cells whlch had been
frozen in distilled wate

Variocus cofactors were added to the reactilon mix-
ture in the vessels using centrifuced cells with no
frozen cell supernatant added, to determine whethe
or not, they could simulate the stinulating cffcct.

The cofactors were added to the vessels in 0,1 ml
portlons, glving a final concentration of each as
follows: 2 um nicotinamide adenine dinucleotide, 2 um
adenosine trilphosphate, 2 um adenosine diphosphate, and
10 un EgClg. These were elthcr freshly made for each
experiment or malntained in the frozen state,

The flaslts wer: equilibrated for 15 minutes, and the
oxycen uptake was followed for a period of 50 minutes
at 37 C., All suspensilons were tested 1n cduplicate,

The results reported, represent values after subtracting

the endogenous rates,

Characterization of frozen c211 surernatant, In

order to determine some of the properties of the fro-
zen cell supernatant from cells frozen in saline,
various procedures of characterization were emplored.

In all instances the actlvity of the treated supcr-
natant was compared acainst untreated supernatant, using

centrifuz=d cells for cach,
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Dialysls was uszd to cctermine the ¢iffusiri-
1ity of the actilve material, Ten ml of the frozen cell
supernatant was placed 1n cellulose tubing and dia-
lyzed against 0.0CC 11 phocphate buffer In the cold for
24 nours.,

Heat stabilit; was determined by heatin~ 10 ml of
the supernatant at 100 C for 30 minutes, The heated
supernatant was then rapildly cooled under cold tap
vater,

An adsorptilon experiment was perfovned using an
actilvated charcoal, lorit A (Pfanstiehl Chemical Co,,
Waukegan, I1l,). OCnc-tenth gm of Norit A was added to
10 ml of sup.rnatant. After mlxing, the supcrnatant
vas Incubated at 37 C to increase the adsorption. The
charcoal was removed from the supernetant by gravity
flow filtration.

Spcetrophotometric technicuns, A Peclman Model D

U spectrophotometer was used for all spectrophotometric
work, Three ml of saline frozen cell supernatant was
added to quartz cuvettes and the absorption spectrum
noted.

Glucose dehydrogenase 1solated from Faclllus cereus

(courtesy of Mr, John Kools), was uvsed to assay for nico-

tinamide adenine dinuclecotide (NAD) in the saline frozen



ho
cell supcrnatant. The reductlon of nicotinamide
adenine c¢lnucleotide was followed spectrophotomstri-
cally at 340 mu., One cuvette contained 0.3 ml of
glucose (300 um), 0.3 ml of NAD (Zun), 0.3 ml of glu-
cose dehydrosenase, 1,0 ml of 0.15 If “ris (hydroxy-
methyl) aminomethane (tris) buffer pH 8,0, and 1,1 ml
of 0.9 ¢ saline to give a final volume of 3.0 ml.
The other cuvette contalned the same materials except
that NAD and 0.85 % saline were excluded and 1.4 ml
of salilne frozen cells supernatant added 1n place of
them, giving a final volume of 3.0 ml. A control was
also run to detcrmine whether or not the salliie frozen
cell supernatant mizht inhlblt the enzyme., This was
done by replacing the 1.1 ml of 0.85 ¢ saline with an
equal amount of sallne frozecn cell supcrnatant, The
change 1n optilcal density at 340 mu was followed for

120 seconds.



RZSULTS

Cells frozen in sa2line, Freezine c21ls in 0.95 ¢

A

saline always resulted 1in a large redu on in viarle
cell counts and a larce Cecrease in oxysen uptake,
Flrure 1 shows the decrease 1n oxyoon uptale aft
freezinc., An oxyczen uptalks of 208 ul was obs:zrved be-
fore freezilncz, as onnosed to only 132 ul talwn up after
freezinz., This represents atout a 65 ¢ decrcas: 1n uptaksz.
Threz other trilals cave similar recults,

The per cent raocoviry of cclls for thils erpesrlment
was 20, Variatlon in pcr ceont recoveries wan found for
three other trials, They ranced from 11,0 7 to 20,0 7.

The removal of the frozasn cell supernatant from
the cells caused a furcher ceocrease In omy~on uptale,
from 122 ul to 110 ul (Fiz, 1). Py addition of 1.3 rl of
frozen ccll suwnernatant to the Warhure vesscls cont2in

antrifuced cells, the cxysen uptalze could ke railcsd to
158 ul, indicatins~ that the supcrnatent possibly con-
tained stimulating substances. The frozen cell super-
natant 1n the prescnce of zlucosz, showzd no oxyren
uptalke, nor wes calinc alone found to cause any stlou-

lation. This was also found to ke truce for thae other

frozen cell supcrnaten

O

The addlition of 1.3 ml of supernatant to th
centrifuced cells was choscn becausce frozen cells, which

]

2
)
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Fig. 1. Oxygen Uptake of Escherichia coll Cells Frozen
in 0.85% Saline




contaln about 0.5 m1 of frozcn ccll suncrratant, did

not show the rest stimmlatlon, In somz 1astances

&}

(Fiz 2), the stimulation was almost the szme, In no
Instance di1d the frozen cells have a greater oxyren
uptalze than centrifured cclls with 1.3 ml of super-
natant,

c11s frozen in 0,0% M prosnhate buffer, The de-

Q

creas2 1n oxy-en uptake efter freezlns In 0,02 11 phos-
phate buffer was 60 ul (Fiz. 3). Recmovalof the frozen
cell supernatant causa2d a further decrcase in oxycen
uptake, from 230 ul to 124 ul, a loss cf 65 ul., The
addition of 1.3 ml of the 0,05 M phosphate buffer fro-
zen cell supernatant to the centrifusz2d cells, restored
the activity tg 1ts origlnal level of about 230 ul.
However, the additlon of 1.3 ml of supernatant caused
no greater Ilncrecasec than 0,5 ml of supsernatant., Two
more subsequent trials glve similer cdata to that in
Ti~ure 3.

The per cent recovery of frozen cells for this
experiment was 36 %, In the other two trials, the per
cent recoverics were 35 and 41,

Cells frozon in 0,15 M phosphate buffer, Freezing

cells 1In 0,15 M phosphate buffer also caused a

¢
in the respiration rate. Aftcr freezinz, only 230 ul
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of oxyren was talken up as compared to 227 ul for the
unfrozen ccllzs (Fiz, 4)., This compared wcll with that
obtained for 0,05 Il phosphate buffer, Vhen the .15
I phosphate buffer frozen cell supcrratant was re-
moved, a decrease of only 25 ul was noted (Fiz. 4), which
could be replaced to the same dersree bty either 0,5 il
or 1.3 il of the 0.1 II phosphate buffer frozen cecll
supernatant, It therefore differed from cells frozen
in 0,05 M phosphate buffer, which had a decrease in
oxyrsen uptake of about 2,5 times this much when thelr
frozen cell supernatant was removed,

The number of cells recovered after freezing in
0.15 M phosphate tuffer for thils trial, was €0 7,
™vro subsequent trials gave similer results, Thils was
almost twice the number recovcered from 0,05 I phosphate
buffer, ’

Cells frozen 1n distilled wat>r, Cells frozen in

distilled water survived with the least damage as
compared to all other suspending flulds, A decrcase

of only 43 ul of oxygen occurred after freezing (Fig. 5).
Ilore slgnificant was the obscrvation that removal of

the frozen cell supernatant, or addition of 1.3 ml to
centrifuced celis, caused no chanse in oxryzen uptak:,
Also 86 ¢ of the cells could be recovered after frcea-

ingc.
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Twro subscouent trials shored no deviae
that found in Floure 5,

Zffect of addin- 0,15 phosnhate ruffer and dis-

-

frozen cell supernatants from 0,15 I phocphate buffer and

distilled water, individually to saline centrifuced cells
is shown in Ficure &,

The phosphate tuffer supernatant caused as much
stimilation of o:xyoen uptalie as the sallne frozen cell
supcrnatant when added to saline centrifused cells (Tiz.
6). The supcrnatant from cells frozen in distilled
water, however, did not causc acs rwuch stimulation in the

cspilration rate as did the salinc and phosphate suner-

natants (Fiz., €).

|

Two other triels substantiated these findin~s wilth

little cdeviatlon from The general trend found in ficure

centrifuced cells, When 0.85 @ saline and distilled

water frozen cell supernatants were added individually
to 0.15 M phosphate buffer centrifured cells (Fig 7),

an 1increase 1n the respiration rate over that of the
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centrifugsed ce1lls was noted, The additlon of 0,12 M
phosphate buffer frozen cell superratant to the centri-
fured cells gave an oxyren uptalrc of 227 uvl, almest the
same as the 0,85 ¢ saline and dictilled waltcr super-
natants (Fi-ure 7). Subscaquent trials gave data 1a
acrecment with that of Filzure 7.

offcet of addin~ 0,35 7 saline and 0,15 )M phos-

phate ruffer frozen cell supcrnatents to disgtilled

P il

(

vater centrifu~ed cells, As showm previously, freezing

caused the least amount of damace to cells suspendad

in dilstillled water, Thelr own frozen cell supecrnatant
caused no iIncreasz in oxygen uptake over that of the

entrifuced cells, Addition of 0.85 7 saline and 0,15 M
phosphate buffer frozen cell supcrnatant to th: distilled
water centrifuged cells, caused no stimulation but
r&ther a decrease 1n oxycen uptake (Fig., 2). There
also was no slgnificant difference 1n oxycen uptake
Yetween the 0,85 ¢ saline, and 0,15 M phosphate buffer
frozen cell supernatants.

The decrease 1n oxycen uptake duc to the pre-

sence of 0,95 ¢ saline and 0.15 M phoshhate supor-
natants, can possibly te accounted for on the basils of
the endogenous respiration rate, Thz endoccnous respira-

tion rate for the distilled water centrifuced cells
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was 39 ul of oxy_>n, whercas it was increased to 56
and 51 ul when the saline and phosphate supsrnatants
were added respectively (Table 1),

Tffect of freczin~ on the endoeconous ra*tng, The

sallne frozen cell csupernatant also csecnzd to cause
an Increase in the endozenous respiration rate of 0,15
M phosphate centrifused cells greater than thelr own
supernatant (Table 1). Thz cistilled water and phos-
phate buffer frozen cell supernatants ¢ild not 1lncreass
the endogenous rate of saline centrifuged cells over
that of theilr own supernatant (Table 1).

The endo~enous repplration rates of saline and
0.15 Il phosphate caontrifuszed cells can be Increascd by

the addltilon of thelr respective frozen cell super-

(

natants, The addition of 1.3 ml of the supcrratants in
both cases, cave the greatest increase (Table 2)
tilled water and 0,05 M phosnhate huffer frozen cells,

did not exhibit this resnonse.

4

Table 3 chows that the endogenous respiration rate
were in most cases, at lcast doublad aftcr freczing

in the varilous suspending anents, IFP the frozenitells .
wert washed once after removing thelr supcrnatant, o
deviatilon was noted (Tabl: 3, trisl 2),

Zffoet of 0,75 @ s21inz frozon cell sincrrnatant on

9}
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Table 1, The effect on the endogenscus resriration rate of
Escherichia coli centrifuged cells frozen in

three diluents by the addition of the three fro-
zen cell supernatants as measured by oxygen

ugtake.

Centrifuged Frozen Cell Supernatant

cells

frozen
in:
0.85% Saline distilled 0,15 M phosphate
water buffer

0.15 M phos- 56% 40 Lds
phate buffer
0.,85% Saline 53 55 55
Distilled
water 56 35 51

% Microliters of oxygen consumed in 50 minutes
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centrifa~2d vnPromon e211s, The rcosulss obialn:zd

mfrozzn cclls wwithout cupernatant had an oxy-ien un-
taks of 295 ul, Vhen 1,3 ml of the frozcn cell supar-

natant was added, the orryoen ubtake was only 275 ul,

Ul

The c¢ndorenous rate for the cells with the supzrnatant
was 22 ul as ovnosced to 12 ul for cells without supcr-
natant. Similler rosults wer: obtalned in two other

trilals.,

Craracterization of the 0.25 @ saline frozzn cz21l
1

-

supcrnetant from frozen E, coll cells, Upon dlalysis

for 2" hours, the saline frozcn cell supcrnatant failed
to increase the oxycen uptake of sallnz centrilfured
cells {F45.210), . The oxyrcen uptalze for thz centrifurced
cells with 1.3 ml of the saline frozen cell supernatont
adcded, was 158 ul, as compared to 123 ul for the centri-
fuged cells and 124 ul for centrifured cells with 1.3

ml of dlalyzed supernatant added,

Heatine the saline frozen cell supernatant for 30
minutes at 1C0 C d1d not 1nactivate the stimulatory
property or propertiles of the supernatant (Figs 11).

The oxyzen uptale of the saline centrifuced czlls for 50
minutes was 60 ul as compared to 150 and 145 ul for the

heated and unheated supernatants respectively for the
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same perlod of tlase,

The absorption spcetrum of the saline frozen cell
supernatant showed a strong maximum absorption at 260 mu,

Norit A.,an activated charcoal, was uscd to deter-
mine whether cr not the activity of the saline frozen
cell supernatant could be removed by adsorption., The
centrifuced cells with 1.3 ml of supernatant, cihiblted
an oxy~en uptaks of 145 ul in 50 minutes, whereas
centrifuced cclls alone, had an uptale of only 23 ul (Fic.
12). After treatient of the supcrnatant with lorit A,
1.3 ml of the supecrnatant was added to tho centrifuged
cells., A decrecasc in uptalze from 148 ul to 105 ul
was noted,

It has been surgestzd (Ealvorson et al,, 1951) that
water solutle cofactors micht be lzcching out of the
frozzn cells, causilng injury and dcath., To ascertailn

whether or not this wes happenilnz In our freezing
system, certaln cofactors vere added to thre saline
ccntrifuzed cells to determine 1f they could replace
the actlvity of the saline frozen cell supernatant,
Ficure 13 and Table 4 show the results obtained

with ATP, ADP, and lMzCl Takle U4, wilch contains the

2.
same cata as Fizure 13, 1s presented for the purpose of

clarity. ADP did not increase the oxygen uptake of the
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Table 4. Effect of Adding ADP, ATP, and NnClz to
Lscherichia coli centrifugred cells, frozen in
QLSE% Saline, as measured by oxvgen uptakee

Cofactor Microliters of oxygen
consumed in 50 minutes

ADP 107

ATP 120

MgCl, 143

ADP; ATP, MgCl, 139
Centrifuged cells 110

Centrifuged cells

with 1.3 ml of 162
saline frozen cell

supernatant added
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Table 5. Permeability and utilization of citrate by
Eschericria coli centrifured cells frozen in
.85% Saline, as measured by oxygen uptake.

Substrate Microliters of oxygen
consumed (70 min.)

Endogenous _ 51
Citrate 53
Acetate 83
Citrate and 86
Acetate

Glucose 100
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Ciltrate in the prescnce of acetate was not meta-

bolized ty unfrozen cclls,




DISCUSSICH

Comparison of the four freczc suspencding azcnts
showed that distilled watcr gave the best per cent of
viable cells recovered followed then bt
rhate buffer, 0,05 M phosphate buffer and finally 0.S5
saline, These results are 1in general acrecment with
those found 1n the literature,

Tne per cent recoveries obtained with 0,05 1l and
0.15 M phosphatz buffcr suspending media, were not
those expected., It was expected that 0.15 M phosphate
tuffer would tre as damazine, 1f not more so, than 0,06
M phosprate buffer. Tut cells frozen in 0.05 M phos-
phate buffer suffered almost twlce as much damase as
those frozen in 0,15 M phosphate buffer, It does not

em that lonlc strenzth of the tuffers was an iln-

®

portant factor. It 1s possilble that the hl-her
molarity of the 0.15 IM phosphate buffsr in sone manner,
protects the cells during the frcezing and thawlng pro-
cess,

In gencral, 1t scems that the effect of freezing
in different diluents 1s dependent on the electrolytes
used and not upon the molarity or ionic stfength of the
solutions,

73

LR\



Th
Decreases 1In oxycen uptaks were found after

(o]
i

R

freezing 1In each of the four diluents, with 0,85
sallne showlng the greatest decreasc. The Cescreases
in uptake after freezing in 0,06 and 0.15 1 phosprate
buffers and distilled water were of about the same
marnitude, There secmed to be no correlatlon betieen
per cent recovery and decrease 1n oxycen uptake after
freceziny for the four diluents. This is 1llustrated
by a comparison of 0,06 IM phosphate buffer and distilled
water results., Thug, 1t 15 also shown trat the oxycen:
uptake 1s 1Influenced more by the electrolyte used than
by the lonlc strength,

Removal of the frozen cell supernatant from cells
frozen in 0.95 % sall.z and 0.05 M phosphate buffer,
caused the greatest decrease in oxyzen uptake., On the
other hand, only about cne-half as much of a decrease
was noted when the frozen cell supernatant was removed
from 0.15 M phosphate buffer frozen ceclls, DNbO decrease
was found for distillled water frozen cells,

If the frozen c2ll supernatants were added to thelr
respective centrifuged cells, the oxymen uptake could

|
be Increased to the level that 1t was t:fore removal,
The only exceptlon to this was wilth cells froze:

in 0.%5 % saline, Addition of 1,3 ml of the saline
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frozeon ccll supsrnatant to thelr cerntrifuzed cells,
in most instances, Ilncreased the oxygen uptalke over
that of the frozen cells, With 0,05 and 0.15 M phos-
phate buffers centrifuced cells, addition of 1.3 ml of
their respectlve frozen cell supernatants raised the
oxygen uptake to thc level of the frozen cclls, but no
higher,

The difference btetween the action of the salilne
frozen cell supernatant and that of the phosphate
buffers, might be due to the increased neced for the
active material (s) in the saline supernatant by the
saline centrifugzed cells, This 1s very possilble since
saline frozen cells sustalned the gcreatest injury and
damage.,

The questlon now arilses as to the explanation of
thils stimulation of the centrifuged cells by the fro-
zen cell supernatants. Three possibilitles seem likely.
They are: leak%age of cellular material, disruption of
the cells, or a comblnation of both.

If cell dlsruptlon were the major cause of the
stimulatlon, one would expect to obtaln a cell free
preparation, In the case of saline, an 80 to 20 %
cell free preparation could be obtained. Assuming

no loss of cofactors, the frozen cell supcrnatants
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then would be expected to metabollze glucosz, This
¢1d not occur. FHowever, this does not eliminate the
possibllity of some cell lysils--perhaps at a very low
level, Put Gritsavace (1953) was unatle to cetect any
anlno acids or deoxyribonucleic acid in varicus frozen
c2ll supernatants, However, 1f the cells were dis-
rupted uslng ultra-sonlc vitratlon, deoxyribonuclelc
acld could be detectcd,

The other possitility 1s cell leakase, Hartsell
(1951), Lund (1961), and Smith (1954) advocate this
theory, Durins the freezlns and thawing process,
celltlar materials leach from the cells, Thls causes
a metatolic injury to the cells which could be over-
come by re-entry of material from the frozen cell super-
natants. Our results seem to support this occurence
Further, the results cdemonstrate a correlation behween
frceze damace 1n terms of per cent viability and leak-
ace--the creater the freeze cdamage, the greatcer the
lealace,

tilled water frozen:. cell super-

[
©]

Addition of ¢
natant to saline centrifured cells, deomonstrated that
leakare was occurrlns whan cells were frozen 1n dis-
t1lled water., Yowever, the actlivity of tha dlztilled

watar gunernetant was only two-thirds o5 creat as that
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of thc salinc supsrnatant, lidlcatin~s that the lzatar:
was not as ~riat,

The 0,15 II phesphate supcractant ~ave tho sane
amournt of actlvity as did ths zaline sugpcrrpatant when
added to salilne centrifurs2d cells, It 1s thezrcfore
probable that thz lcalkare frai the phosphate frozen
cells 1s suffilcicnt to supply the noods of tho g2l

contrifured cclls,

Thz salinc and cdistilled wator frezon c2ll supcrnatants,

when added to 0,15 I phocphate buffer centrifurad ce21ls,

rave the same results as the phosphate supcrnatant.
This arzaln demonstrates that the distllled water frozen

c=21ll supernatant contalns an actlve substaice or sub-
stances which can cause stimulation., The saline frozen
cell supcrnateant was 2150 able to stimulate the
phosphate centrifuced cclls to the same cdecrec as was
their own supernatant.

lled water centrifured cclls and

|—Jo

Results with dist
the three frozcen cell supcrnatants showed that 0.15 I
phosphate and saline frozen ccll supernatants cannot
stinulate the distilled water centrifuged cells, In
fact they seemed to decrecase the activity, However, 1t
was found that the endogenous respiration rates of the

distilled water centrifucsed cells were siznificantly
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Increased when eithzer the saline or phosphate frozen
cell supernatants were adced, If 1s possible that
these supcrnatants contain a utilizatles substrate and
the increase 1in the endogenous rate 1s due to thils,

1,

Then the endozenous values are substracted from the
cxrocenous values for the saline and phosphate supcr-
natants, an error 1is introduced,

e

These results demonstrated that the lcakage
materials were simllar in the sense that they could
stimulate cells frozen In other diluents wilth the
exceptlon of distllled water centrifuged cells,

The reason that the distilied water centrifuged
cells were not stimulated by any of the supernatants
rrobably can be explalned on the basls of cell viability
after freezilng, Since between 30 to 00 ¢ of the cells
can be recovered, the percentace of injurced cells would
be small, These cells are probably utilizing the material
in the supernataats but to suclhi 2 small exteut that
1t cannot bhe detected with the methods used.

Fartsell (1951) has postulated that hls leakage
material 1s a result of a cellular build-up of an inter-
necdlate compound 1n a sequence of reactlons., In other

words, product A goes to product B and thls product

combined into C, but the use of C in D cannot occur



79

untll the cells are defrosted., Thus, procduct C
accumulates as the cells are held in storace, Our data
sugrests that this mlscht be occurrinz.,

The endogenous rocplratlon rates for cells frozen
in a2ll the suspending agents were always greater aftor
freezlng had occurred, The results further showed
that the endogenous respiration rates of sallne and
0.15 M phosphate btuffer centrifused cells were lncreased
when thelr respective frozen cell supernatants were
added, This, however, dild not seem to be true for cells
frozen in 0,06 I1 phosphate tuffer and distilled water,
Also, distllled water and 0,15 I phosphate buffer
supernatants could increase the endogenous rafe of saline
centrifucged cells to the same level as the saline super-
natant. Thils was true for the additlion of sallnc and
distilled water supernatants to phocphate centrifused

cells, except the saline supernatant increased the

]
J

vatar ¢id,

1lc

e
jan

uptalte more than phosphate or dist
Crne colld postulate from thise cata, that there

is a builld up of some intermediate or intermédilates in

a sequence of tiochemical events. The cells once trawed,

could begin to metabolize this intermediate or inter-

medlates, and thus account for the increcased endo-

genous regpiratlon rates after freezinzy and thawing.
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Washing the centrifured cells once dld not lower the
rate, therefore 1t would scem that the mat:orial is
intracellular, Py adcdltilon of the frozen ccll suner-

natarts, more substrate 1s added and thus an cven

"

hisher rate of oxyzen uptalirc or The s
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actually stimulating the endosenous rate, Iurther
study would be accessary to cstablish such sequonce of
events.

Unfrozen cells suspended 1n saline, were not stimu-
lated by the salilne frozen cell supernatant., The endog-
enous rate of these unfrozen cells was increased by
additlon of the saline frozen cell supernadant, indicatinc
again, the possibllity of a utilizable substrate
telng present 1In low concentrations. Two possible
reasons why unfrozen cells were not stimulated by the
supernatant, could be either trey have no need for the
substante..or substances 1n the supernatant, or that
thiese substances mizht be impermeable,

The stilmulatory factor or factorg, can ke remeoved
from the saline frozen cell supernatent ty cdlalysis,

The stimulator, effect, therefore sesms to recside in
low molecular welznt compounds,

Activit:; of the salins frozen ccll supcrnatant
was not lost or decreased, due to heating for 320 min-

utecs at 100 C., Under tihese conditions, it 1ic rcoec
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statle,

Treatment of trz czlls with lorit A, removad about
two~tinlrds of {the stimulatory esctivit of ti2 seline
frozen cell supczrnatant. Ferhars a lcenser trectnent
of the supernatant or Incuration at & tempersturs iob-
cr then 37 C would have removzd more of the cebivity,

Sinc= tre sallne frozzn cell supzrnatant red a

maximum absorption 2t 270 um, 1t was thought that ATP
or ADP could possitly re thz actlve components,

ATP and ADP In tre amounts eddz=d, werc not akle
to slmulate the cctivit, of the frozen cell super-
natant, MgCl,, on the other hrand, was atle to 1ncrease
the ox;zen uptake atout one-half that of the saline
frozen cell supernatant, Adding a mixture of ATP, ADP,
and MgCl2 to the saline czntrifuzed cells cave almost tre
same results as I-‘ZgCl2 alone, Thils wes protakly due to
the MpCls. .

No effort was mede to esse, for the grescnce of
Ir+4+ 1In the frcezen cell supernatant, tut 1t 1s pessitle
thet during fre=zing and trhowing of tiie cells, M ++
could te lost from the cell, perlaps due to cdeljdra-
tion of the cell or an unfavoratle concentraticn jrad-

lent, surrounding the ccll,

Povarnick (1954) and Tovarnick and Allen (1957
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have demonstrated with typhus rickettsias, that nico-
tinamlde adenine dinucleotide can res
activity after freczing and trawing of this orgenism,
The pr.sence of NAD wes also detzcted in the frozon
cecll supernatant,

Additlon of NAD to saline centrifuged cells, did
replace the actilvity of the saline frozen cell super-
natant., To explain the sctlon of NAD stimulation, it must
be assumed that NAD can pass tnrough the cell memtrane
In order to cause the stilmulatlon, E, coll, when not
frozen, 1s Impermeahle to NAD, It is therefore possible
tirat during freezins «nd thawlng with our systsm, there
arlses an altered permecalbillt; of the cell membrane,

Glucose dehydrogenase was used to e¢ssay for NAD
in the saline frozen cell supsrnatant. No NAD could
te detected, It was also determlned that the frozen
cell supernatant did not contain inhitltors which might
have interferred with the ection of the glucose dehy-
drocenase,

Efforts were also made to determine 1f cltrate, which
was lmpermeable to our straln of E, coli, could be meta-
tolized after freezinc, It was found trhat it could not
te metabollzed,wheétlier alone or in the prescnce of ace-

tate,






It was found that the numher of viatle cells
surviving freezing and trawvins for 22 hours 2t =15 C
was dependent on the suspendling re:nstrum. The hast

survival was obtainod with distillled watzr, followcd

ty 0.15 M phosphet: tuffer, 0,07 1) phosphate buffer,

Decreases 1in oxiren uptake after freoezing, were
noted in cells sucspznd
C:211ls frozen in 0,85 & saline had the sreetest ds-
crease, while cells frozcn in the prosprate buffors
and dlstilled water sheowed similer snallcer dcercasces,
Removal of the frozen cell supernatanté demon-
stratzd that the oxyocn uptalze could be further do-
creasad, with the exception of distlllzd watcr sus-
pended cells., Py re-introducinsz the supcrnatant to

the centrifucaed cells, the oxiren uptake could be

restored. In the case of cells frozen in 0.95 % saling,

the level of oxreoen uptalke could re inercasczd over
that of the frozesn cells, Zvidence indicated that
cell leakage rad occurred during freczliny and thawilnz
with resulting c21ll injury. Thesre also sszmed to be

a correlation tetwezn numker of viable orcanisns sur-

83
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vivins frcezine, and ccllular lealace,

Testin~ of 0.95 7 saline, 0,15 M phosplate buffer,
and distilled watcr frozen ccll supernatants against
cach of the oppesite centrifu~ed cells revsalzd (1) that
cellnlar leakace did occur when cells were frozen in
dictilled water but in low concentration, (2) distilled
vater centrifuged cell could not te stimulatzd, (3)

here seemed to be a similarity betfween thz frozen cell
superratants 1in rcgard to the active components.

The endogenous resplration rates werc increased
after freezing cells In the four susvending agents.
Washing the cells once ty centrifugation did not remove
this 1ncrease,

The addiltion of the various frozen ccll supernatants
to centrifuged cells, caused a further incrcase in en-
dorenous respiration,

ceptions to this were cells frozen in 0.02 M
phosphate and dlstllled water, However, the endogenous
recpiration of cells frozen in distilled water could be
increased by the addition of 0,15 M phosphate buffer and
0.85 % saline frozen cell supernatants,

The actlve eounponent) of the salilne frozen cell
supernatant was found to be dilalyzable, heat ctable for

20 minutes at 100 C, and removable By adsorption to
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Norit A,

The sallne frozen cell supernsatant had a maximun
absorption spectrum at 220 um,

Nicotlnamilde adenine dinuclectide replaced the
activity of 0.85 9 saline frozcn cell supcrnatant when
added to the saline centrifuged cells., An assay for
NAD, usilng glucose dehvdrogenase, did not affirm 1ts
presence, The results with NAD indicated that a
possible celluldar permeability change might have
taken place after freezing and thawins,

Adenosine diphosphate and adcnosine triphos-
phate did not replace the activitly of the salilne
frozen cell supérnatant wvhen added to salilne centri-
fuged cells. DNoCl, and a mixture of HMgClp, ADP, and
ATP replaced about one-halflof the activity.

Cltrate was not metabolized by cells frozen in
0.85 ¢ saline,

Saline frozen ccll supernatant was not abvlz to
increase the oxygen uptalke of 0.85 ¢ salinz suspended

unfrozen cells,
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