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In an earher communication "~ i t  was shown 
that  rot~fers (Philodina acul~cornis odiosa) could 
surwve freezing to ]~qtnd mlrc)gcn temperatures  
and subsequent rapM thawing. Survivals of pop- 
ul.mons of ann;mls vaned from 40 to 605;, over 
a cooling r:)te range of I to 10°(2 per rain and 
glye(:r(fl ('oneentr:mol~s of l (o 5%. There were 
,_c'~' "c~nl,' ~hsi~rbing varmlions "tlld inconsistencies 
m ltn,~ inilm[ study, ~neh)dmg some al)~ormatly 
low smvival  vahws (10 to 209,).  No (tefin~t:xe 
reason,., were found to expltdn tiros(: h)w vgdues, 
but, )t was sugg('ste(l that  a possible cause m~oht 
be tim tack of control of nu tn lmna l  st.'t)e among 
lhe x arious l)op~lalmns. 

The pre.-.c,nt report, describes survival sludies 
m which the food supply (..lerobacter .erogcnes) 
for ammals reeoven))g from freezing and ,hawing 
xva.~ nmmt:tnietI :it a tugh lexel. In ,~td(titmn to 
repeating the enrher work w~th ~lye(,rol-pro- 
tooted al~mUt].-:, a~lother bot'l('s of eXl)el'mmnls was 
carried out w~{l~ dnnelhvl  .-_ulfoxMe ( ] ) .MSO)as  
,he crs oproteei~ve a~e~t I t  xx~tl be shown noi, 
only (hal onsnrinlz ,m adequate fo()d supply (tur- 
r e t  recovery trqMs to re(h~ee varmbflHy m sur- 
viv:)l ()ver the e,m]ing rate ravage studied, hut 
thgtt the absolule ,..urv~val is s~gnffieantly h)gl)er. 

5IA'rERIALS AND . I E I t l O D b  

The general procedm'es for cul tur 'ng the 
rolffers (P. acal~corms odiosa) as well as the 
freezing techniques were s~mflar to methods 
previously dose rit)ed 7" 

Populations of ammals were placed on small 
copper discs (6-mm diameter, 0.25 mm thick) 
and frozen either at various predetermined rates 
from 1 to 20°C per mm in a Linde 13:F-3, or 
ultrarapidly by plunging into liquid nitrogen- 
cooled Freon 22. Thawing was accomplished by 
rapidly immersing the frozen spe@nen discs 
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rote 1 ce of nu t r ien t  a,g room temperature .  One 
experiment employed slow, controlled ~hqwmg to 
~est The effect of t tss pa ramete r  on survival. 
Glycerol and DMSO (both :Baker reagezlt grade} 
were employed as cryoproleetPoe agents b3' tre:lt- 
mg animal populatmns with dilute solutions be- 
fore freezing. Earlier  expermnee with glyeeroV 
,-uggesled tha t  a s tandard meulmlmn time of 

oLz,,-~ so]utmn gg)ve optmml 2~'~ to 3 hrs in a .,,.:,~. 
sur-rFoa] results so that  these x.duc,' ,,,%vert., tF.e,l 
thro)~lmul~ the study.  A few expe~m~ems em- 
l)loying a, glye~,rol coneentrauon of " o,, .- ,, were 
also included m order to eomtmre survivals xv~ilt 
lhe ] )MSO-t rea ted  ammals on an equimotar 
basis l )~ lSO was u~ihzed i~l eoneentrt)tions ran~- 
in~ fronl 1 to 10el ,. ln(:llljation time m DSISO 
w:ls, l a, ndar(hzed to 1 tir :tfter s tmtymg the ell'cot 
~ff tn'etreatmen(, tames r ' t ngmg  f rom 10 rain )o 

3 t~rs. Glycerol and DMSO dfluuon.~ were pre- 
pared m fresh baked terrace, medium-" colltaming 
no bacteria. After  freezing and thawing, the 
rotifers were ril)sed four tm~es with fresh bake~t 
lcttu.ee medmm "rod S drops (about. 0.,33 co) of 
• t dense suspensmn of Aerobacter aeroflenes were 
added to the 1 ce of medium. The meelmnical 
process of rinsing the nnm~qls was .-hown to hax e 
no ell'eeL mi surviwfl. I leeovery was scored 133" 
observing and counting m m i n g  or swimming ani- 
mals 16 to 18 hrs after  thawing took ph~ee.. 

A given experimental or control point was 
a/ways based on a sample of more than I00 ani- 
mals and in m a n y  cases invoh'ed 200 to 300 
rotifers. Reprodumbitity of the survival and 
other counting dam is estimated t~) be better than 
10%. 

RESb'bTS 

Experiments were carried out desigaed to tes~ 
the value of the addition of bacterial suspension 
on the survival of rotifers. These populations 
were glycerol-trea, ted (2.5% for 3 hrs) and slowly 
frozea at 5°C per rain. Bacterial suspension was 
added after freezing amt thawing was completed 
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TABLE 1 
EF!~ ECT ()F BAC'I ERIAL ADDITION ON I~o'rl  F~;R SER-  

V1VAL AY'rEIt I~LyCI-3ROI, TItI~A'rMENT 

{ 
1 Controls 

Number of ~ ' ~ .  
1 

IJrop~ Adds.d* ~, Number of 1 
; { animals i R e r ° ' e r y ,  

l I "° 0 ~ 185 96 
2 ! lu:3 } 9r  

i 
{~ 205 ; lOO 

(i 234 ' , 100 I 

8 , 203 { 1 O0 
10 ~ 215 i 100 

F r o z e n  

Number el 
animal~ 

342 

308 

- , t ,5  

Recto cry 

% 

76 

8O i 

* One drop = -q)proxim,ately 0.0-t cc of s(tsl)e~- 
sion coqtaining 1 X I(F to 5 X 10; cells per cc. 

aml after the anmmls had been rinsed four times 
with fresh baked lettuce medium. Controls were 
t r~e~t  m the s..m~e way but not frozen. ]',esults 
of a typical experiment are shmvn m Table 1. I t  
is se~m that~ bacterml additmn had httle or no 
effect on 'the unfrozen controls; but. that a 
sigzdficanL enhancement of survival (about lo,o) 
resulted in the case of frozen animals when re- 
covert took place in medmm containing an ade- 
quate food supply. Plate counts of the bacterial 
suspensions in&cated that the eoneentrqtion of 

,bacteria was in the range 1 X 10 ~ to 5 × 10; 
e. subsequent suspensions contained ap- ])e.r 'o " 

I)~oximately similar numbers. Obviously, differ- 
eqt:uumbers of rotifers were fed in this way with 
somevvha'c var~'ing numbers of bacteria which, at 
room temperature, probably multiplied to some 
degree in ~he 18 hrs before evaluatiou of sur- 
vival. Therefore, precise quaa~titatmn of the bac- 
teria[ addmon was not, attempted, nor is the 
exact number important as long as it is a sufli- 
dent amount. In the experiments which will 
now be de~.'..enbed," an adequate amount of bac- 
terial suspension was always added after the 
tina! rinsing process. 

In order to determine the optimal DMSO 
concentration for pretreatment, animals were 
incubated  in baked Iettuee m e d i u m  containing 1, 

8 5, 7.5, or 10% DM~:O for periods  of  1 ½  m 3 
hrs, rinsed, treated "with nutrient, and assayed 
for survival .  N o  freezing was ut i l ized in th~s 
series of experiments. F.~sentially 100% survival 
was realized for the 5 aa~d 7.5% concentrations. 
At  the highest  eoncentrat.ion (10%) surviva l  
ranged between 80 and 90%, suggesting some 
toxicity. A ~rprising resulf~ was obtained for 

the survival of animals treated with the lowest 
concentration of DMSO (1%). Ahhough i% 
DMSO ~.howed lJtde effcc~ ou the survn'a] of 
animals incubated for lo to 30 rain, successively 
longer incubation produced definite lethahty. 
Only 25% of the rotifers recovered from an ex- 
posure of 3 hrs to the 1% DMSO solutmn. This 
pecuhar lethality in the face of high survival at 
greater DMS0  concentratmns will be discussed 
J.)elow. The value of 7.5% DSIS0 was m ihzed in 
subseq, mn t freezing expenments. 

As ment.ioned earlier, the time of incubation 
in glycerol had been assessed in previous experi- 
ments "~ and was not reinvestigated. A 3-hr incu- 
bation in glycerol was employed rommely. Sfim- 
tar ,tara, however, were not qvafla})le for J)~\ISO, 
:tlld tt reasonalole mcul~alic, n time l~ad Io be dt- 
lermmed. Table 2 shows resulls of umuba~ing 
ro~ffe.rs, at room temperature, m 7.55'; 1)1[SO 
for times ranging fro,n t0 rain To 3 hrs before 
heezing. The surviv;tt data indicate thaL even at 
10 rain the ])3IS(_) ~s exer!m~ its full protcc.tlve 
influence and ~hat survival is not; al)precmbly 
altered witl~in the span ot mcuimt~on tittles stud- 
led. /,'or experm~ent.-, de.-~gned to examiue other 
par:m~eters, the time of .,ncubatlon in J)~ISO 
was ..,tan~ nhzed at 1 hr 

The survival data for froz,'n amI ~h:,w,.'d 
rotifers as a fimctior, of eoo/,ng rate are .:um- 
manzed m Tables 3 an(l 4. 

Two kinds of controls were always mebMed 
together w~h the expenmenla] populatmns One 
of lflwse controls mvoh'ed animals whmh were 
pretreated w~th a eryoprotective agent and 
handled in the same way as the experimentql 
group but not frozen. These populatmns alwqys 
yiekled essentially 100% survival. "/'he second 
type of control revolved animals whM~ were 
frozen but without prior pretreatment with 

T A B L E  2 
E~'F~CT o~' l~'~ctu~,vrIox TI.~,~ ix DMSO (" -c- • [ . o  o) ON 

~URVIV.kL A F TER FREEZING, AND I I fA~  I.%G 

Incubation Time 

10 rain 
~/~ hr 

I hr 
1 hr 
2 hrs 
3 hrs 
h{ean 

iN.tuber of A n i m a l s  

430 
298 
191 
415 
215 
313 

Recovery 

% 

86 
89 
86 
84 
88 
&3 

864- 2 



SUt{VIVAL OF FROZEN AND TI tAWED ROTIFER£ .',~"-- 

cryop~oteeiive arkhtBes These polmta~]ons 
yiehte{i very low levels of survP,al rangn~ from 
0 to 10%. Therefore, the experunen~nl d£lta pre- 
..enled reflee~ a fairly accurate measure of the 
value of I)3I~O¢ or glyPerol pretroa~ment. The 
animals pretreate, t with D3ISO are seen to 
yield consistently high survival.-, between 90 and 
100% (mean = 96, a = 24"1 apparently inde- 
pendenl, of eoolm,e rate. The exception ]s fro' the 
{,as~, of ultrarapM eoohn~, wl~wh y]el,ted es- 
sentially n<} survivors e~th(,r w~th {w without the 
a<hh~mn of {,ryoprolec~we ao.en~s Animals 
treated w~th ,~lvr'crot <Ta}.,l<,-t} ",'w](led eon- 
81~.lentlv ]owpr a d d  alert: varmido ..-urvi,~tdS (73 
~o 94~{) ~han r'omp:~rat,le D3IS()-troale(l lmpu- 
lalions (92 to !~v.)). Tim ,,xtu,r~menlal lm~nts 
:~ppear to vary w,t}] cooJnm I:tle fOP t}le g}ycerof 
treated, t}olmlqli(}~i.s, ~..~,,,-,,;r,n~..~.... , ,, q del}e~dence on 
rI~is l}:,ram(,tor ov{,r l]m r,qlt: et~{l~t.{t. A eon.-Mer- 

X 

~'tlIOtl O~ in}lcr{ql |  {'FI'r)I'S /till] t}l{' I';ll}IPF Sllffllt 

spret~d (o- := 9 5), ])owever, ~n,]kc,s lh ,  hkehhoo<t 
of a re:d d{,pe~,lence {l~ws~mn:~lde TI',, experi- 
ment whl,'h inv{dvt,,t ~l~,v,- tt]aw~ng (.4q)rox> 
irrupt.Iv 2~'(; per mini ywl,Ic, t v(.ry :nmlt IltiBal>ers 
f)t" SIIFV1VOI~ f{}r ])t)lh J ) . \ lS( - ) -  alt;l 1 ] \ ' e e ro l -p r<] -  

r ~ x 

l{'cll,{1 t){~!)~]:tI~}l~-' Ill{. ralnd th,tx~m~ l}~oeedure 
X~it,- t',lt" lilt)r{, etft '{ ' t lv( '  IB k'ltSllllll~ a l l r v l \ l d  O~ It 

l,~r~e trace,an <,f tlm fr{}z,.,t xnc!~vi(lmtI¢. 
When tl~e g13 ceroI eon{:enl raUon was adtusted 

to an cqu,m{detr l}as,s (7 25") to the ];)MSO pre- 
treatment, solution ~,,o,,~) and udhzed as cryo- 
prot{,'et~ve agenl, bhe rcsul~s were as follows. 
C:ont,,,I (nonfrozen) populations experienced 
aN:ut a t2% reduction in survival at, the higher 
glycerol Pon(.entrqlion. A~,, a co{>Img ~a~e of 3°C 
per rain, s~rv~val ;filer freezing and thawing was 

, ( ,  10o(-~ b0..<, and at ~o .~ per re,n, recovery fell to 9.c._ 
Obviously, the g]yeer<)l w:]s not as effeetB'e at, 
tins higher concentratmn and could not be di- 
rectly compared to DMSO on an e{lu]molar basis 
beea .L:e of the npp,~rtranee of toxic f:,elors 

Several unambig,.mus conclusions can be 
reached from examinataon of the foregoing data, 
parl,ieuhrt3" when they .are 1aken together with 
tim earlier studies. First of aIl, it is quite dear  
t, hat  the nutritional environment of recovering 
rot.ffers (at least the species here studied) is ~m- 
portnnt in the ultmmte survival statistics. 

,1 ABLL 3 
SF, RVlV,~bOF D M S O - T R E  XTED (7.5¢'{, 1 lift) ]Qt lLO- 

DINA AFTER FREEZING AND TItAWING ~s l 
]g'IJN{~I'It.)N ()F COOI=ING P~ '~'I'E 

('ooling Rate Number of Animals Recovery 

~C p e r  m z t ,  

1.5 
3 
5 

11 
12 
13 
16 
19 
20 
20 

Mean 
} 

2O 
Ultr..~rapid in 

F I ' U ( ) I 1  

277 98 
t36 97 
287 {18 
495 99 
,t46 93 
362 92 
173 95 
450 93 
287 !)~} 
318 96 

96 :t:: 

28t 
.66 

2 
0 

'2,1 

1" 

* Sh>w thawing (about 2°C per rain). 

TABLI~ ,I 
SI./ttVIV.~L OF GI.YCZltOL-TltE.~TED (2.5c~',, 3 l l n s )  

P t l I L O D I X . I  ~,F'l'Ett FREEZING AND T I I \ W I N G  
AS A FUNCTION OF COOIANG ~{A'I'E 

Coohng Rate IINuxnbci of Animals 

t "~C" per m~n 

1.5 i t88 
5 i 

11 t 26B 
16 ~ 75  
20 [ 228 
20 ~ 214 

1 

Mean I 

20 [ 205 
U11 rarapu! in 8i 

]~reon 1'2 ~ 
t 

Recoxery 

+ (, 

S8 
80 
73 
73 
9t 
85 

8 2 : 1 = 9 5  

0 ~ 

0 

* Slow thanking (aboub 2°C per rain). 

Whereas the e,qrlier, nutritionally uncontrolled 
populations (glycerol-protected) yiekted only 
40 lo 60% survival, well fed populauons, re- 
ported here, yielded an average survival ,}f S2% 
(rr = 9.5) with no values below 73%. Equally 
nnportant  ~s the observation vta~t apparent  vari- 
at, ions of survival  us a function of cooling rnte 
were nmch rednced by food addition. Thus, van-  
ations of 20 1,o 80% in survival ascribed earlier 
to either the cooling rate parameter  or m~known 
causes are seen to dia'tppear under the present 
controlled nut~t,ion conditions. Cooling rate, at 
least in the ro~t.rieted range of 1 to 20°C per rain, 
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apl)ears to exert little m//uence on final survival 
values. 

The enh,aneement of surviv:d due to feeding 
is not manifest iu the data on animals not, s~b- 
jeered to eryoproteelive treatment. I~Meed, 
whereas 'tn average, over the coohng ra~e rnnge, 
of I 10% of the amrnals survived after no pre- 
tre:tcment in the earher st,adios, only ahont ""~- 
survived after foe(ling. One cannot draw any 
conclusions from a comparison of these two small 
figures, parOeularly when we ree.tll that  errors 
of lhc order of 10% or higher must be invoked 
in s~ci~ studies./-lowever, it, ns probal~le chat, the 
,%'pieal unprotected animal As so severely {r:m- 
realized by freezing and thawing ttmt the a,tdi- 
tion of food m:ttcrial has little beneficial aetmn. 
Indeed, it ~s e~,nee,vable that  a high rlens~y 
baelerial culture m~ght infect ,and destroy a 
semm~sly dam:~ged, Imt~ tmcentmlly viable, indi- 
vidual. On the olher hand, it may l~e speculated 
that  the beneficial ell"ee~ of high nutnen~ can- 
eentration during recovery in eryoproleeled 
lmlmlatmns has a me~abohe basis. Conceivably, 
energy production and biosynthetic netnqty m 
well-fed populatmns can a~d in tim recovery 
Droeess. 

The i)resm:f study also demonstrates that 
DBISO is }nghly successful as a eryoproteeuve 
,~gent for rotifers of ttus species, An average 

lue of 96% (a = 2,4) survn'al for a eoml)mcd 
total of over 3500 animals was obtained over 
the ~,]ow cooling rate range (1" to 20"C per ram). 
Such exceedingly high vial.,~liW is surlmsing 
when we consider lhat  rotifers are rather com- 
plex multicellular anmmls possessing a high de- 
gree of structural orgamz,~t.ion. /ndeed, such 
consistently high snrvival after freezing and 
thawing is rarely ene,mmtered even in such frost- 
hardy eell types as erythrocytes or H~e.rnmlozoa. 

:ks mentioned with reference to the I)MSO 
i~teubation time studies, very low concentrations 
(1%) as well as high concentrations (10%) of 
lh~s reagent, show definite toxic effects on popula- 
tions of Philodrna. The reason for the effect, a~ 
low concentrations may lie in the behavior anti 
physiological response of the animals to DMSO 
addition. An actively swimming and feeding 
population goes into a state of innet~vity or 
"hibenmtion" when treated with DMSO eonem> 

tratmns of 5% or higher. This kind of response 
was also noted in the earher work on glycerol 
protect}on? 'Flus hibernative state i~. uot mdueed 
by 1% DMSO solutmn% so that  tim :~nimals 
eontimm thmr usual pattern of feeding and 
s-rimming, I t  is possible that the toxin propertms 
of DMSO are potentmted or amphfied m animals 
in an ael3ve physiological state Tins speeulalion 
is consistent, wJth our ob~.ervations and, more 
import,ratty, can be 'rested by n mm~l)er of ex- 
periment at approaches. 

The very low s~2rwval at'~er slow, eonlrolh'd 
~ha~:mg (2°C per rain) suggests that lushly 
lethal events are oeeurring du2mg th~s period 
since tile anmml,~ were frozen at ~,qte~ g2vmg 
high s~trvival for rapidly dmx~ed popul'ltmns. 
ConsMerar~on of recrysl:dhznl~on 1)henomena 
during thawln_- lnay lint I,e s~ft]e~ont to ae~.ollttl 
for such lethallt,y under :hose cc, udttions (,-low 
cooling, slow lbawm.u). 

The findJn,.., "timt .~n oxtm~u'e to ])3ISO of 
only 10 mzn afford-, e,--ont!:dly full Inoteet~¢m zs 
consis/vnt w~th ol)~e~vali,~ns on lhe permc,tlmn 
k~ne{ ~es of this ~eagent,' m a',c~te< cell-~. JI aplwars 
tl~at the rotifer cutMe provules no appreembly 
greater barrier to the pene~ rattan of D3ISO {hart 
~,ypical c('ll mr,mhr,'mos. 

Su'~.M.\RY 

Tim provb, mn of aa adequalc food s~pply 
(bacteria) ,~fter freezing :m,1 th,~wmg the rotifer 
Phffodina ~s slmwn to increase the percentage 
survival. Furthermore, variatzons m the .-.-urvwal 
statistics as :, function of eoot,ng rate appear a,o 
be minJmlzed by tim addition of food after thaw- 
ing. Both glycerol aud D3[SO provide hi,..h levels 
of eryoproteet~on, 13~[80 bem~ sbgb~ly more 
effecl,ive. ]~eeovery of close to J00% of a popu- 
lation can he achieved ~tth proper attentmn to 
prelrea~ment, coding, and thawing procedures. 
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