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SUMMARY: Freezing and thawing of Escherichia coli B/r has two types of
lethal effect, (i) immediate, i.e. that occurring during freezing at -20°C

or -196°C and immediate thawing, and (ii) delayed, i.e. that occurring during
frozen (-20°C) storage. Alkaline sucrose gradient 55—20%) centrifugation
revealed 1 to 6 single strand breaks (SSB) in the [“H] DNA from frozen E.
coli cells. The number of SSB showed a quantitative correlation with the
extent of cell death, immediate as well as delayed. On this basis we con-
clude that cell death of E. coli by freezing, cold storage, and thawing

is due to DNA degradation and loss of its vital integrity.

At least four theories have been proposed to explain cell death due to
freezing and thawing (1): i. mechanical crushing resulting in "holes" and "cracks
in the cell; ii. harmful effect of concentrated solutes remaining after water
is selectively '"frozen out'"; iii. intra-cellular ice crystals; and iv. metabolic
injury, an ill-defined "catch all" group of harmful effects. None of these can
be categorically supported or denied by current experimental data. The obser-
vations reported here raise yet another possibility, viz. v. DNA fragmentation
as the possible cause of cell death from freezing and thawing. Knowledge of
underlying molecular events is essential in low temperature preservation of
biomedical materials: bacteria, blood, sperm, bone marrow, and various tis-
sues used to replace damaged or diseased parts in patients, e.g., cornea,

tendon, skin, bone, blood vessel and heart valve grafts, etc. (1)

MATERIALS AND METHODS. E. coli B/r, a highly freeze-sensitive organism (2) was
grown in M-9 broth for 3-4 hrs at 37°C,_then a 10% inoculum was transfered

to fresh M-9 broth containing 10pCi/ml “H - thymidine for labeling of the

cells DNA. After 3-4 hrs of growth the cells were harvested by centrifugation,
washed thrice with cold M-9 broth and resuspended in the same broth to a final
concentration of 2 x 10°. These cells were immediately subjected to experi-
mental treatments viz, either lysed on top of alkaline sucrose gradients
(5-20%) (3) or immediately frozen as described in Table 1. The cells were fro-
zen slowly in a -20°C freezer or rapidly in liquid nitrogen at -196°C. Cells
were thawed at 25°C. No attempt was made to protect the cells, since it was
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PERCENT OF TOTAL COUNTS

FRACTION NUMBER

Fig. 1. Alkaline sucrose gradient (5-20%) sedimentation patterns of [3H]
DNA from frozen and thawed cells of E. coli B/r. Cells frozen and immedi-
ately thawed at 25°C, -[]-, unfrozen control; -0- frozen at -20°C; -A-,
frozen at -196°C. The marked arrows E? indicate the position of the
appropriate sedimentations distances (D) asYexplained in Table 1 (footnote¥®).
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Fig. 2. Alkaline sucrose gradient (5-20%) sSedimentation patterns of [BH] DNA
from frozen and thawed cells of E. coli B/r. Cell frozen, cold stored at
-20°C for 24 hrs and then thawed, at 25°C. -8-, frozen at -20°C; -A- frozen

at -196°C. The marked arrows A @ indicate the position of the appropriate
sedimentation distances (D) as explained in Table 1 (footnote*),

309



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 62, No. 2, 1975

(9) *LTeATa0adsad ‘YNQ STTOP USZOIJ PUR USZOIJUN JO S9OUBLSTP UOT}BLUSWIPSS 958J0AB oy} SJB q

L

pus "q odeym ¢|-

= G55 BTNWIOJ Y} WOIJ PeRTNOTEY (gSS) SYBedq Puedys-oT3UTs YNQ JO Jequmy

*HKH

€92
(9) “£Toara08dsad ‘YNQ ,STTOO USZ0JJ DPUB TOJUOD USZOIJUnN Jo S90U8L
Cq “n
~STP UOT}BYUSUTPES oYU} Juesotded NQ pue ra axayM .Hl 3ot ow.mr|m0H = BINWIOY SU3 JUTSN POGBTNOTBY yx
a W
(p) *snostusm 9] WoJIJ TY S0UBYSIP B 48
UCTIOBII UYI~T OUF UT LITATIOBOTPE JO UOTRORAF OUY ST TX 8I8UM TAz/TATI = J SOUBISTP UOT)BILUSELTIPSS %
M 0,02- 2%
9v*¢ | ,0b ¥ o00%C L6 0°98! ;0L X 62°¢ sm 7z I0%Fe 0,961L= ‘uezoxy L1prdex ‘o
70 hoﬁ X 09°¢ 0°ob 9°L9 bow X zZlk 94 BTPomIT 0,961 ‘uozoay Lrprdex ¢p
0502 3®
G0°9 bor x 08" L 8°8 L*%6 4oL % 27Ad say 7z I037® 0,02~ ‘uezoxy ATMoTs *0
ot°L bor X 099 g-el Leee b * 69° L S4BT peumIT 0,02~ ‘uszoay £mors  °q
- = - mOPN_\m._. g+l 0°00 worNN.N - - - - - TOJIQUOD USZOIJUN *B
|
#%%05SH# »wqopﬂav ‘M () xﬁ
3
YN Jo UoT3BINITIFUSO ygaep # *(Y3odq UT USZOLJ STIe9)
queTpead osoJong SULTBYTY ITIO° % [S7Unod oTqeTA SutMBy} Jo oW %mnﬁmwmhm Jo poyzew pue oTdweg

g

s® YN Jo uoTyBiuswSely pue STTeO Jo L4TITTUBTA 1a/g TIO0 *F uo JurmByy Pue JuTzZeddJ JOo 1089JFH

(£)*uoT383NITIQUeD QUOTPRIS 9S0JONE SUTTEN[® Aq POUTWISG.OD

‘L 9T9BL

310



Vol. 62, No. 2, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

6r c
e
5 -
@
73
o 4 d
U
o
3}
@
w
@
=
> 2F
=z
| - b
1 — | n |
20 40 60 80 100

% CELL DEATH

Fig. 3. Correlation between the number of DNA single strand breaks and

the extent of cell death of E. coli B/r due to freezing, cold storage and
thawing. For method of SSB calculation see Table 1. The samples are marked
by letters next to the points, the letters are the same as those used for cor-
responding samples in Table 1.

our aim to study the nature of cell injury. Viability was assessed on the
surface of L-agar plates.

RESULTS AND DISCUSSION. Sedimentation patterns of [3H] DNA clearly show

that in all cases the DNA from frozen cells was extensively fragmented.

Rapid freezing (-196°C) caused more extensive immediate DNA fragmentation

than slow freezing (-20°C) (Fig. 1). However, on storage at -20°C for 24

hrs additional (delayed) fragmentation of DNA occured in the slowly frozen cells
so that in the end all samples showed approximately the same extend of DNA
fragmentation (Fig. 2).

From Table 1, freezing and thawing had two types of lethal effects, an
immediate and a delayed. The immediate death i.e. that after freezing and
immediate thawing, was considerably higher when cells were rapidly frozen at
-196°C (ca. 68% death) vs. slowly frozen cells (-20°C) and immediately thawed
(ca. 23% death). The delayed or storage death, i.e. that which occurred during
storage of cells in the freezer at -20°C for 24 hrs showed just the reverse

pattern; it was 71% for slowly frozen cells, but only 17% for rapidly frozen
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cells., In the end, both freezing schedules yielded practically identical cell
death after storage, i.e. 85-94%.

A remarkable correlation emerged from Table 1 between percent cell death,
immediate as well as delayed, and the number of single strand breaks (SSB) in
the DNA (Fig. 3). Thus, freezing at -196°C which caused a high rate of
immediate cell death caused also a high degree of DNA fragmentation (SSB=4.04).
Slow freezing at ~20°C which caused a relatively smaller degree of immediate
cell death caused also a smaller amount of DNA breakage (SSB=1.16). For
unfrozen control SSB=0, by definition. The same trend appeared to hold for
the delayed cell death during storage at ~20°C for 24 hrs. This was particu-
larly striking with the slowly frozen cells where SSB increased from 1.16 to 6.05
while an additiomal 71% of the cells suffered loss of viability. With rap-
idly frozen cells, both loss of viability and change in SSB were considerably
smaller during storage at -20°C for 24 hrs.

The picture which emerges from the studies indicates a molecular
basis for cell death by freezing, cold storage and thawing as being due
to DNA degradation and loss of its vital integrity. A quantitative cor-
relation seems to exist between the number of SSB and percent cell death.
Since DNA is attached to plasmamembrane'(5),our idea can conceivably be
reconciled with the older ideas attributing freeze death to plasma mem-
brane injury.
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