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In an carber communicaiion® it was shown
that rotifers (Philodina acuticornis odiosa) could
gurvive freezing to hquid mtrogen femperatures
and subsequent rapid thawing. Survivals of pop-
ulations of ammals varied rom 40 to 60%0 over
a coolmg rate runge of 1 to 10°C per min aud
alveerol coneentrations of 1 to 53%. There were
several dizturbing vanations and ineonsistencices
i thie mital study, meluding some abnormally
low smrvival values (10 to 209 ). No definitne
reasons were found to explain these low values,
but 1t was sugeested that a possible cause nught
be the lack of control of nutritional state among
the varions populations.

The present report deseribes survival studies
11 which the food supply (Aerobacter verogenes)
for anmmals recovering from freezing and thawing
was mamtuned at a high level. In addition to
repeating the carber work with elveerol-pro-
tected anmals, another series of experiments was
arped out with dimethyl salfoxide (DASO) as
the eryoprotective agent 1t will be ghown not
onlv that ensuring an adequate food supply dur-
g recovery tends to reduce vanalality m sur-
vival over the eooling rate range swdied, but
that the absoluie survival is sigmficantly higler.

MATERIALS AND METHODS

The general procedures for culturing the
rotifers (7. aculicorms odiosa) as well as the
freezing techniques were simlar to methods
previously described.®

Populations of amimals were placed on small
copper dises (6-mm diameter, 0.25 mm thick)
and frozen either at various predelermined rates
from 1 to 20°C per mmn in a Linde BF-3, or
ultrarapidly by plunging into liquid nitrogen-
cooled Freon 22. Thawing was accomplished by
rapidly immersing the frozen specimen dises
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mio 1 ce of nutrient a& room temperature, One
experiment employed slow, controlled thawinge to
test the effect of this parameter on survivil
Glycerol aud DMSO (both Baker reagent grade)
were employed as cryoprgtéatn‘e agents by treat-
mg animal populations with dilute solutions be-
fore ireezing. Karlier experience with glyecerol?
sugegested that a standard meubation time of
2b5 to 3 hrs in a 2V42% solution gave optimal
survival results so that these values™wvere used
thronghout the study. A few experunents em-
ploying a glyeerol concentration of 7.29¢ were
alzo meluded i order to compare survivals with
the DMSO-treated wmmals on an cquimolar
basie DMSO was utilized in coneentrotions rang-
g from 1 to 109, Incubation time in DMSO
wits standardized to 1 hr after studying the effect,
of pretreatiment. tumes rangmge from 10 min to
3 hrs. Glyeerol and DMSO dilutionz were pre-
pared in fresh baked lettuce medium® contaming
no buaeteria. After freezing and thawmg, the
rotifers were rinsed four times with fresh baked
lettuee medium and S drops (about 0.33 ce) of
a dense suspension of Aerobucter aerogencs were
added o the 1 ee of medium. The mechanieal
process of rinsing the anmmals was shown {0 have
non effect on survival. Recovery was scored by
obscerving and counting moving or swimming ani-
mals 16 to 18 hrs after thawing toek place.

A given experimental or control point wus
always based on a sample of more than 100 ani-
mals and in many cases invelved 200 to 300
rotifers. Reproducibility of the survival and
other counting data is estimated to be better than
10%.

REesvLrs

Experiments were carried out designed to test
the value of the addition of bacterial suspension
on the survival of rotifers. These populations
were glycerol-treated (2.5% for 3 hrs) and slowly
frozen at 5°C per min. Bacterial suspension was
added after freczing and thawmg was completed

.
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TABLE 1
ErrveT oF BaCiERIAL AppltioN oX RoTIFER STR-
VIvaL AFTER GLYCEROL THREATWENT

i H
: Controls Z Frozen
| Nunﬂ{gyﬁ‘ ! N i
Jrops Addu . ,
+ Number of Number of N
H } animals | REFOLEY } animals | RECOVETY
N r ; %
0 i 185 ‘.)b N & 3 70
2 1 193 97 |
$ 0 205 ;100 | 308 ! 80
A L2384 100 ¢ }
o] c 288 100 273 7 9
10 v 215 : 100 f {
/ t

T One drop = approximately 0.04 cc of suspen-
sion containing 1 X 107 to 5 X 107 cells per cc.

and after the anmals had been rinsed four times
with fresh baked lettuce medium. Controls were
treated 1 the same way but not froyen Results
of u typical experiment are shown i Table 1. It
18 secn that bucterial addition had hittle or no
effect on the unfrozen econtrols, but that a
sigutficant enhancement of survival (about 159%)
resulted m the case of frozen animals when re-
covery took place in meajum containing an ade-
quate food supply. Plate counts of ithe bacterial
suzpensions indicated that the concentration of
bacteris was in the range I X 107 10 5 X 10°
per cc; subsequent suspensions contained ap-
proximately similar numbers. Obviously, differ-
ent nurmnbers of rotifers were fed in this way with
somewhat varying numbers of bacteria which, at
room temperature, probably multiplied to some
degree in the 18 hrs before evaluation of sur-
vival. Therefore, precise quantitation of the bac-
terial addiion was not attempted, nor is the
exact number important as long as it is a suffi-
cient amount. In the experiments which will
now be described, an adequate amount of bac-
terinl suepension was always added after the
final ringing proeess
In order to determine the optimal DMSO
concentration for pretreatment, anmimals were
incuhated in baked Iettuce medium contaming 1,
7.5, or 109 DMSO for periods of 1% to 3
hrs, rinsed, ireated 'with nutrient, and assayed
for survival, No freezing was utilized m this
series of experiments. Essentially 100% survival
was realized for the 5 and 7.5% concentrations.
At the highest concentration (10%) survival
ranged between 80 and 90%, suggesting some
toxicity. A surprising result was obtained for
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the survival of animals treated with the lowest
concentration of DMSO (1%). Although 1%
DJASO zhowed httle effcer op the survival of
animalg incubated for 1U to 30 min, successively
longer incubation produced definite lethality.
Only 25% of the rotifers recovered from an ex-
posure of 3 hrs to the 1% DMRBO solution. This
pecubiar lethality in the face of high survival at
greater DMSO concentrations will be discussed
below. The value of 7.5% DMSO was utihzed
suhseqient, freezing experunents.

As mentioned earlicr, the time of mmcubation

in glycerol had been as:;e.,,,ed in previous experi-
ments® and was not remvestigated. A 3-hr incu-
bation in giycernl was emploved routinely. Sim-
lar data, however, were not available for 1HMSO,
and a4 reazongble meubartion time had to he de-
termuined. Table 2 shows results of meubating
oufers, at room temperature, ux 7.5% DMSO
for times ranging from 10 min ro 3 hrs before
fieezing. The survival daty mdieate that even at
10 mimn the DMSO 15 exerting its full protective
mfluence und that survival 1 not apprecably
altered within the span of meubation wmes stud-
ied. For expermments designied to examiue other
parameters, the tme of meubation in DMZRO
was stundardized at 1 hr

The survival data for frozen and thawed
rotifers as o function of cooling raie are ~um-
marized m Tables 3 and 4.

Two kinds of controls were always mehuded
together with the expernnental poprilations One
of these controls mvolved animals whieh were
pretreated with a  eryoprotective agent and
handled in the same wayv as the experimental
group but not frozen. Theze populations always
vielded essentially 100% survival. The second
type of comtrol mvolved animals which were
frozen but without prior pretreatment with

TABLE 2

Errrct or IncupamioN Tive 1x DMS0 (7.5¢7) on

SURVIVAL AFTER FREEzZING . AND THAWING

Incubation Time |{Number of Animals Recovery

Ta

10 min 430 86

14 hr 208 &9

1 hr 191 86

1 hr 415 84

2 hrs 215 88

3 hrs 313 83
Mean 86 & 2
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ervoptotective  addiuves  These  populations
vielded verv Jow levels of survival ranging from
0 to 10%¢. Therefore, the experunental data pre-
sented reflect a farly accarate meunsure of the
value of DMS0O or glveerol pretreaiment. The
animals pretreated with DMSO are seen to
vield consistently lugh survivals herween 90 and
100% (mean = 96, ¢ = 24) apparently inde-
pendent, of cooline rate. The exeeption 12 for the
ase of ultrarapid cooling, which yielded  es-
sentially no survivors either winh or without the
addition  of  ervoprofective agents  Animals
treated with glveerol (Table 4) ayielded con-
sistently Jower and more varable survivals (73
1 047¢) thun comparable DMRO-treated papu-
Jationg (D2 fo 99973, The experimental pomts
appear to vary with coolmg rate for the glyeerol-
treated populations, snggesting a dependence on
this purameter over the rate stuched. A conmider-
auon of inherent crrars and the rather sheht
spread (o = 9 3), however, makes the ikehhood
of a real dependence quesnionable The experni-
ment which involved <low thawing {pproxa-
mately 2°C per mm) yvielded very small numbers
of survivors for both DASO- and glveerol-pro-
teeted popubitions The rapid thawing procedure
wis L more effective 1 ensnnng survinad of 4
large fraction of the frozen sndividuals,

When the glieerol coneentration was adjusted
to an equunolar basis (7 297) to the DMSO pre-
treatment solution (7.5% ) and utihzed as cryo-
profeetive agent, the results were as follows.
Control  (nonfrozen) populations experienced
abuut 4 12% reduction in survival av the higher
glveerol concentration. At a cooling rate of 3°C
per miu, survival after freezing and thawmg was
60%, and ar 12°C per mun, recovery {ell to 349%,
Obvionsly, the giveerol was not as effeetive at
this higher concentration and could not be di-
rectly compared to DMSO on an equumolar basis
heeause of the apprarance of toxic factors.

Discussion

Several unambiguous conclusions can  be
reached from examination of the foregomg data,
particularly when they are taken together with
the earlier studies. First of all, it is quite clear
that the nutritional environment of recovering
rotifers (at least the species bere studied) is m-
portant in the ultimate survival statistics.

~1

TABLE 3
Serevivar or DMSO-Trevren (7.5C,, Luwr) Puiro-
IxN4 AFPTER FREEZIRG AND THAWING 5 4
Funcriox or Coowne Ryre

4
H

INumber of Animals

f

t‘ooling Rate Recovery

°C per mun "

i ;
1.5 i 277 ; 98
3 i 136 : 07
5 | 287 ; 03
11 X 193 g ag
12 ‘ 446 { 93
13 jr 362 ! 42
145 | 173 i 05
19 : 450 ! 93
20 : 287 : 013
2() : 318 ! 46
Mean : l O 4= 2.4
( s
20 | 281 2 2 1*
Ultrarapid in ! 266 1 0
Freon i 1

* Slow thawing (about 2°C per min).

TABLE 4
Survivan oF GLyckron-TrReaTep (2.5, 3 nRs)
Prrropryy svreEn Frenzing axp TrHawing
As a Funcrion or Coouing Barte

Cooling Rate Number of Apimals Recovery

{

!

!

S !
U por man :
1

|

H

|

1.5 188 88

5 185 80

11 2633 73

16 75 3

20 228 01

20 214 85
Mean | 82 4 05

i
20 205 0*
Ultrarapid in 81 0
Freon 12

f'

* Slow thawing (about 2°C per min).

Whereas the earlier, nutritionally uncontrolled
populations (glycerol-protected) yielded only
40 to 60% survival, well fed populations, re-
ported here, yiclded an average survival of 827
(¢ = 9.5) with no values below 73%. Equally
mportant 1s the observation that apparent vari-
ations of survival as a function of cooling rate
were nuich reduced by food addition. Thus, van-
ations of 20 to 30% in survival ascribed earlier
to either the cooling rate parameter or unknown
causes are seen to disappear under the present
controlled nutrition conditions. Cooling rate, at
least in the restricted range of 1 to 206°C per min,
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appears to exert little influence on final survival
values.

The enhancement of survivid due to feedmng
i¢ not manifest in the data on animals not, sub-
jected to eryoprotective treatment, Indecd,
whereas an average, over the cooling rate range,
of 10% of the ammals survived after no pre-~
treatment in the earher studics, only about 3%
survived after feeding. Cnc capnot draw any
eonclusions from a comparison of these two small
figures, particularly when we reecall that errors
of the orider of 10% or higher must be mvoked
in snch studies. However, it 1s probable that the
typical unprotected animal 15 so severely trau-
matized by freczing and thawing that the addi-
tion of food material has little benelicial action.
Indeed. it 15 councerwvable that a high density
bacterial culture ymght infeet and destroy a
serously darnaged, but potentially viable, wmdi-
vidual. On the other hand, it may be specndated
that the beneficinl effeet of high nutrient con-
centration  during recovery in  eryoproteeied
populations has a mefabohe basis. Coneeivably,
energy production and biosyvnthetic activity mn
well-fed populations can aid in the recovery
process.

The presenf study also demonstrates that
DMSO is ghly successful as a cryoprotective
acent for rotifers of this species. An average
\\:\luc of 967 (o = 2.4) survival for a combmned
totn]l of over 3500 animals was obtained over
the Yow coohing rate range (1-to 20°C per mm).
Such exceedingly high vialality s surpmsing
when we consider that rotifers are rather com-
piex multicellular amimals possessing a high de-
gree of structural orgamzation. Indeed, such
consisteptly high survival after freezing and
thawing is rarcly encountered even in such {rost-
hardy cell types as ervibroeytes or gpermatozon,

As mentioned with reference to the DMSO
ineubation time studies, very low coneentrations
(1%0) as well as high concentrations (10%) of
this reagent show definite tovie effects on popula-
tions of Philodia. The rcason for the cffeet at
low concentrations may lie in the behavior and
physiological response of the animals to DMSO
addition. An actively swinoming and feeding
population goes into a state of imactivity or
“hibernation” when treated with DMSO coneen-

{f}

OXN

trations of 8% or higher. This kind of response
was also noted in the earher work on glveerol
protection.® This hibernative state is not mduced
by 1% DISO solutions, so that the animals
continue their usual pattern of feeding and
wimming. It is possible that the toxie propertics
of DMSO are potentiated or amplified 1 animals
in an active physiological state Tlas speeulation
is consistent. with our ohservations and, more
importantly, ean be tested by a number of ex-
perimental approaches,

The very low survival after slow, controlled
thawmg (2°C per min) suggests that highly
lethal events are occurring duning this period
smee the ammals were frozen at 1ates siving
high survival for capidly thawed populations.
Consideration of  reervstalhzation  phenomena
durimg thawing may not be sufficrent to aceount
for such lethality under ‘hese conditions (slow
coohng, slow thawmg).

The findine that an exposure to DMSO of
only 10 nun affords es~entwdly full protection s
consistent with obseivationg on the permeation
kineties of thig 1eagent’ m aseites cells, Jt appears
that the rotifer cuticle provides no appreciably
areater barrier to the penctration of DMSO than
wypical eell memhbranes.

SUAMMARY

The proviston of an adequate food =upply
(bacteria) after freezmg and thowing the roufer
Philodima s shown to increase the percentage
survival. Furthermore, variations m the survival
statistics as a function of cooling rate appear 1w
be mimimized by the addition of food after thaw-
ing. Both glveeral aud DMSO provide hich levels
of eryoprotection, DAMSO bemg shghtly maore
cffective. Recovery of elose to 100% of 4 popu-
lation can be achieved with proper attenfion to
pretreamment, coeling, and thawing procedures.
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