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Although there have been nume rous attempts t o  preserve functional hu~i3.n 

granuiocytes by freezing (1,3,4,5,7,2),  most of then have yielded low survivals , - ' 

. . . , .  . . 

a t  best .  In the few cases where high functional v i a b i l i t i e s  have been reported ' 

. . 
. . 

( 2 , 6 , ~ ) ,  the reasons f o r  th+ success. are  mysterious i n  tha t  the procedui-2.i 

used i n  these studies appear t o  be only s l igh t  var iat ions of techniques which 
. . 

others. have reported t o  yield l i t t l e  or  no success. 

To help explain the puzzling divergence i n  r e su l t s  and hopefully t o  help 

develop procedures t h a t  w i l l  lead t o  repeatable successf i l  preservation, we 

deci'ded t o  examine the response of human granulocytes t o  the major'cryobiological 

factors  known t o  determine the survivals of other types of c e l l s  a f t e r  frkezing 
. . . . 

and -thawing. Chief among these factors  are  the type, concentration, and toxic i ty  

of cryoprotectant, the cooling and warming rates ,  and the amount of osmotic 

s t r e s s  imposed upon the c e l l s  during d i lu t ion  of the cryoprotectant a f t e r  

thawing. Most previous studies of granulocyte preservation have used dimethyl 

sulfoxide ( M ~ ~ s o )  in submolar concentrations as the cryoprotective agent. Since 

there i s  evidence tha t  submolar doncentrations may not donfe i- complete protection ' 

(10) and some evidence tha t  concentrations of Me SO above 1 molar can be toxic, 
2 .  

we decided t o  use glycerol instead. There is a lso  'some suggestion in the 

l i t e r a t u r e  tha t  human granulocytes are  sensi t ive t o  osmotic s t ress ,  since slow 

di lu t ion  o f .  the additive has been reported t o  gin? higher survival than rapid 
. . 

o r  abmpt d i lu t ion  (6.). Finally, there i s  l i t t l e  but anecdotal inf.ornn.tio~? on 

the e f fec ts  of cooling ra te  and warning ra te  oh the postthaw v i a b i l i t y  of  these 

cells. 

Our approach i n  t h i s  study was f i r s t  t o  e x a ~ i n e  the su i . tzb i l i ty  of 

glycerol as  a possible cryoprotective agent by characterizing its toxicitg.  t o  



granulocytes independent of the e f fec ts  of di lut ion.  Second, we wanted t o  

devise a d i lu t ion  procedure tha t  would safely remove c e l l s  f ro3  multimolar 

co~cen t ra t ions  of the additive. Lastly, we wanted t o  ident i fy  the, optimum 

cooling and warming conditions f o r  these c e l i s  by studying survival as  a 

. . 
function of cooling and warming rates .  

ICoxici-ty of Glycerol 

An investigation of glycerol t ox ic i ty  independent of the s t r e s s  and 

in jury  of d i lu t ion  requires an assay t h a t  can be carr ied out i n  the presence 

of the glycerol. We used a fluorescence assay tha t  i s  based on the conversion 

of the nonfluorescent compound fluorescein diacetate  (FDA) t o  the fluorescent 
.. . . . . .  

. .  . molecule .fluorescein by in t race l lu lar  esterases.  A posi t ive resporise i n  
. .... . . . 

t h i s  assay indicates plasma membrane in t eg r i ty  and the retent ion of cytoplasmic 

esterase a c t i v i t y  (4) .  Briefly,  FDR was added t o  c e l l s  suspended in  various 
. , . .  . 

concentrations of glycerol/phosphate buffered sal ine (PBS) t o  give a f i n a l  

-6 
FDA concentration of 1 .2  X 10 M, and aliquots of the c e l l  suspension were 

then counted on a h'emacytometer under FITC fluorescence at  various times. 

Survival i s  expressed as the percentage of t o t a l  c e l l s  counted t h a t  exhibi t  

fluorescence ( e . ,  [FDA+/(FDA+ + FDA-)] X 100) .  The hemacytometer . . counts a l s o  

yielded estimates of the fract ion of the or ig ina l  c e l l  population t h a t  was 
. . 

' 

recoverable a f t e r  a given treatment. Generally recovery was above 5@. 

The tox ic i ty  of glycerol increased w i t h  i t s  concentration .and with the 
. . 

expo sure temperature. A t  room temperature, c e l l s  susbended i n  FSS vrithout 

glycerol showed > gC$. survival a f t e r  240 min  hereas as c e l l s ,  i n  2 M glyczrol  

. . 
shoved only 5d0 survival a f t e r  50-min exposure and < 1@$ a f t e r  90 min.' The . . 

. . 

r e su l t s  with 1 M glycerol f e l l  between these 'eltrernes. I n  contrast ,  a t  0°C 
. . 

c e l l  survival remained high: c e l l s  i n  2 M glycer.01 held a t  O O c  now showed 
. . 

. . 
. . 



> gC$ survival even a f t e r  240-min exposure, a r e su l t  v i r t u a l l y  ident ica l  t o  . . 

t ha t  obtained with control c e l l s  i n  PBS. Pa ra l l e l  experiments using trypan- 

blue dye exclusion as  the v i a b i l i t y  assay showed qual i$at ively the sane e f f e c t s  

of glycerol concentration and temserature. 

Although there have been p r io r  reports of poor r e s u l t s  with glycerol as a 
. . 

cryopro-tective agent, few have separated out the possible contribution t o  in jury  
. . 

of osmotic shock accompanying i t s  removal. The los s  i n  v i a b i l i t y  noted here, 

however, appears ' to  be the resu l t  of t rue  toxici ty ,  since it occurred i n  the 

absence of d i lu t ion  and was accelerated a t  higher temperatures. Since our 

r e su l t s  suggested tha t  the toxic i ty  c m  be reduced or eliminated by holding the  
. . 

granulocytes a t  O0 C, subsequent studies were carr ied out at  ice bath. temp,eratures. 

The next problem was whether the glycerol could be removed from the c e l l s  without 

damage. 

. Dilution from 'Glycerol 

Rather than trying t o  devise a sui table  d i lu t ion  protocol empirically o r ,  
. . 

. . 

using procedures tha t  work with other c e l l  types, we chose t o  "custom design" a 

d i lu t ion  procedure based on the osmotic propert ies  of human granulocytes them- 

selves. This approach has become feasible  through the development of  a 

computer program which models the behavior of a c e l l  subjected t o  various . 

osmotic manipulations (8,g). Util iz ing the coupled-d i f fe rent ia l  equations tha t  

describe solute permeation and the permeability propert ies  of the c e l l  i n  . 5 

question, the program can quickly reveal d i lu t ion  procedures tha t  should, in  

theory, produce minimal osmotic s t ress .  

The permeability equations require .values fo r  the isotonic  c e l l  volume, 

c e l l  surface area t o  volume ra t io ,  and c e l l  so l ids ,  t o  l i qu id  ra t io .  These 

values were determined by computer analysis of c e l l  volume d is t r ibut ions  



. . .  . 

obtained with a Celloscope electronic  c e l l  s izer .  The permeability coeff ic ient  

for glycerol, P was estimated by comparing the ac tua l  changes i n  c e l l  
glyJ 

volume as a function of time a f t e r  the addition of hyperosmotic glycerol 

~ r i t h  a family of curves generated on the computer where P varied over a 
- gly  

ten-fold range. The value 4 X lo-' cm/min provided a reasonable match 

between the actual  and theore t ica l  c e l l  responses as Sudged by eye and was 

chosen as  the value fo r  P a t  22OC. Technical d i f f i c u l t i e s  encount.?d i n  
gly 

measuring permeation kbet i c s  a t  U0 c precluded accurate determination o r  the 

temperature coeff ic ient  f o r  glycerol permeation; however, the observed changes 

i n  c e l l  volume with t b e  a t  'both 22°C and 0°C were qui te  similar, suggesting. 

. t h a t  the temperature coeff ic ient  i s  small. The value of P a t  2 2 " ~  was 
g l y  

therefore used in subsequent computations of osmotic response. 
. . . . 

A m b e r  of d i f fe rent  possible d i lu t ion  procedures were generated with 

the computer by imposing various r e s t r i c t ions  . on . the maximum c e l l  swelling 

permitted a t  each d i lu t ion  s tep and by varying the time allowed f o r  glycerol 
. 

ef f lux  between successive steps.  Four procedurii, two each fo r  1 and 2 M 

glycerol, were selected on the bas is  of t h e i r  convenience of implementation, 

and were tes ted  on granulocytes. We 'found tha t  survival, based on the FDA 

assay, was affected by both the glycerol concentration and the "severity" of 

the d i lu t ion  scheme. Cells equilibrated f o r  30 nlin i n  1 M  glycerol showed 

highzr survival. a f t e r  d i lu t ion  than those i n  2 ivI glycerol, and f o r  both 

concentrations, tile d i lu t ion  procedure involving a greater  number of steps 

resulted i n  l e s s  injury t o  the c e l l s .  A l l  four ,procedures, however, yieldcd 

quite high survivals both imed ia t e ly  a f t e r  d i lu t ion  (> 9% with 1 M glycerol 

afid > 75% with 2 Pi giycerol) and a f t e r  an additional 90 m i n  of observa.tion. ( l e s s  

thari 1% fur ther  decline).  
( .  . 



. . 6 

. . 
. . . .  

. . - .. 
Free zing and Thawing 

The response of human granulocytes t o  d i f fe rent  cooling and sen;ring 

. . 
rkes  was evaluated using the FDA assay both before and a f t e r  d i lu t ion  of the 

glycerol. Cooling ra tes  ranged from 0.3 t o  33O~/min and warming ra t e s  ranged 

fro31 i. 0 t o  1 8 8 O  ~ / m i n .  In a l l  cases, survival was evaluated as soon a f t e r  

treatment as possible and then monitored a t  several addi t ional  time points 

during the next hour. Since survival remained r e l a t ive ly  constant during t h i s  

arlrlit,jona,l. time a t  o°C,  we s h a l l  report only the r e s u l t s  f o r  the f i r s t  ti= 

point.  

The resu l t s  shown i n  Fig. 1 indicate t h a t  human granulocytes respond t o  

cooling and warming ra tes  i n  a manner s imilar  t o  t h a t  of other mammalian ce l l s .  

Survival was low a t  low. cooling rates,  increased t o  a maximum a t  moderate ra tes ,  

. . .. . . . . . . 
and decreased again a t  high codling rates .  The major e f f ec t  of warming ra t e  

, was t o  increase the surv iva l  a t  the higher coi l ing rates ,  a finding consistent : 

with the idea of rescue from the e f fec t s  of in t r ace l lu l a r  i c e  formation a t  , . 

. . . . . .  . . . . 
supraoptimal cooling rates .  The data in Fig. ,l show t h a t  the optimum cooling 

ra te  with 2 M glycerol i s  near 3'c,/min. . . 

Additional studies fur ther  support the notion . tha t  human granulocytes 

exhibi t  a c l a s s i ca l  response t o  cool ing and warming. For example, a l so  ra ther  

, 
- typ ica l  was the s h i f t  of the optimum cooling r a t e  t o  a lower value with an 

. increase i n  the concentration of the cryoprotectant from 1 M t o  2 x. This 

s h i f t  was somewhat more pronounced w i t h  slow warming than with rapid. Increasing . 

the concentration of glycerol t o  2 M a l so  gave be t te r  overal l  protection a ~ d  

reduced the dependence o f  survival on cooling r a t e  by broadening eke rnrign of 

th2 optimum, especial ly  when combined with rapid varming. 

The above r e su l t s  re fer  t o  c e l l s  t ha t  ham been completely d i lu ted  f r ee  of' 

the glycerol a f t e r  thawing. T o  estimate how iouch in jury  i s  a t t r ibutable  t o  
. . 



the freeze-thaw process i t s e l f ,  .v iabi l i ty 'was a l so  as,sayed.with FDA immediately 

a f t e r  thawing but without di lut ion.  In most cases, survival was higher i n  . . 

the abserice of  d i lu t ion  by a re la t ive ly  fixed proportion, suggesting tha t  the'  
. . 

s t resses 'associa ted~with  d i lu t ion  and those associated with freezing &d 
. . . . 

thawing may operate independently of each other. Under opti_lnum conditions, 

s~u-viva1  of undiluted frozen-thawed c e l l s  was 73% while the di luted samples 

showed 56%. The difference suggests tha t  approximately, 25% of f rozen-thawed 

c e l l s  are k i l l ed  by dilutfon, a finding tha t  agrees wel l  w i t h  the figure 

obtained for  d i lu t ion  i n  the absence of freezing and thawing. . . . . . .  

Higher Order Functional Test 

Although the FDA assay i s  a good screening t e s t  f o r  negative resul ts ,  
. . ' - .  . . . . , . . .. . , .  . . 

. . . . .  
meaning tha t  c e l l s  judged nonviable by t h i s  ' assay .would most probably be 

nonviable by most other c r i t e r i a ,  posikive. FDA r e su l t s  need t o  be confl..med. 

by a more defini t ive measure of c e l l  function. One of 'the. more sensi t ive ' 

. . 

, .  measures of higher order function i n  granulocytes i s  t h e i r  a b i l i t y  t o  undergo 

chemotaxis. To assess t h i s  ab i l i t y ,  a sample of frozen-thawed-diluted 

granulocytes showing > 55% survival. a f t e r  treatment (based on the FDA assay) ' 

was placed i n  the upper compartment of a standard chemotaxis t e s t  chamber 

( ~ o ~ d e n  Chamber, #~-312, NRlro Probe, Inc., Bethesda, i d .  ) . After appropriate 
. . 

incubation and processing, the f i l t e r  was analyzed by op t i ca l  sectioning t o  . ' 

deterhine the extent t o  which the c e l l s  had migrated toward the stimulus i n  
. .. . . . 

. -. the lower compe.rtment of the chamber. Ir! contrast  t o  the unlrozen control 

c e l l s  which exhibited. good migration, the experimental ' saiiple showsd absolutely 
. . 

no movement in to  the. f i l t e r .  Based solely on these r e su l t s ,  the FDA assay 

appears t o  ove res tka te  the f ' unc t io~a l  capacity of huinan granulocytes af-ter 

f reei ing and thawing. However, a major procedural difference between the two 
. . .  . . . . . . 



assays i s  t h a t  the c e l l s  being examined f o r  chemotactic, capacity were incubated 

. f o r  2 h r  a t  3 7 O C  a f t e r  treatment, whereas c e l l s  f o r  the FDA assay were h e l d .  

a t  0 ° C  u n t i l  counted. Accordingly, we a l so  used the FDA assay t o  determine . 
" . 

the survival of a frozen-thawed-diluted sample t h a t  had been. placed a t  37°C 

for  various times. The FDA r e su l t s  i n  t h i s  case now agreed with those' froni 

-the chemotauis sLssay i n  t ha t  a f t e r  Tncubation f o r  60 min they showed no surviving 

c e l l s  i!l the frozen-thawed saa-ple. 

SUMEvIARY AND CONCLUSIONS 
. .  . .." . 

Because of i t s  simplicity,  the FDA assay can be used e f f ec t ive ly  a s  a 
. . 

screening t e s t  t o  eliminate procedures and treatments t ha t  a re  damaging t o  
. ; . .  . .... . . 

c e l l s ;  however, as  exemplified by the chemotaxis study, addi t ional  t e s t s  

must be performed t o  confirm any FDA 'posit ive resu l t s .  In  t h i s  context, 'a 

number of conclusions can be drawn f ran  the da ta  presented: (1) Exposure t o  
. .  . . 

1 and 2 M glycerol  a t  room temperature becomes ra ther  damaging t o  hman 
. . .  , .  . . .  . ~ 

granulocytes i n  a matter of a few tens  of minutes. Exposure t o  2 M glycerol  

i s  much the more damaging.. Reducing the exposure temperature t o  0°C reduces 

the amount of in jury  substant ia l ly .  (2)  Human granulocytes respond t o , f r e e z i n g  

and thawing i n  a manner typ ica l  of' many mammalian c e l l s  i n  t h a t  they exhibi t  

a rna&i!nu11i i n  survival  a t  an opt-imum cooling r a t e  s l i g h t l y  above lo ~ / m i n  

when combined with rapid warming. The'use of rapid wakning . . and a high (2  M) 

concent rat ion of glyce rbl r e d ~ ~ c e  s the dependence of sxrvival on cooling r a t e  

by br.oa.d.enirlg .Ule r u g e  of ra tes  over which survival i c  r e l a t i ve ly  high. ( 3 )  

Hunlarl granulocytes show soxe s e n s i t i v i t y  t o  d i lu t ion  s t r e s se s  since .survival 

dep2nds somewhat on the concentrztion of glycerol  used and the s eve r i t y  of, Yns 

d i lu t ion  procedure. 



A t  t h i s  time, the reasons for  the sharp decrease i n  c e l l  v i a b i l i t y  

following incubation of frozen-thawed granulocytes a t  37°C are not known. 

One poss ib i l i t y  i s  t ha t  the PSS suspending medium used i n  t h i s  study i s  not 

sui table  f o r  incubation a t  37°C. . We chose phosphate buffered sa l ine  because 
. . 

sinple s a l t  solutions are  usually as e f fec t ive  as more .complex media during 

freezing, and because they simplify the running of t h e  computer simulations. 

A second poss ib i l i t y  i s  tha t  some c e l l  in jury  i s ' s imply  not expressed a t  O°C 

. aid remains undetected by the PUA assay u n t i l ' t h e .  c e l l s  a re  incubated . . a t  

37°C. There i s  a lso the poss ib i l i t y  tha t  lysosomal enzymes released. by a . 

few damaged c e l l s  i n  a sample w i l l  cause additional damage i n  other c e l l s  

a t . 3 7 " ~ ~  and possibly lead  t o  a chain reaction of injury. Future . . . .  experiments 

w i l l  hopefully distinguish among these poss ib i l i t i e s  and . a id  . in solving the 

vexatious problem of .obtaining frozen-thawed granulocytes t h a t  can f'unction 

a t  3 7 6 ~ .  
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FIGURE LEGEND 

Figure 1. Survival  of human granulocytes a s  a  f'unction of cooling ra te .  

Ce l l s  were suspended i n  phosphate buffered sa l ine  containing 2 M glycerol  as  

a cryoprotectant .  A f t e r  e i t h e r  slow ( 0 ) o r  rapid ( Q ) warming, the  c e l l s '  . . 

. . 
were d i lu ted  f r e e  of the addi t ive  by a skpwise  d i l u t i o n  over a  period of 1 h r .  . 

V i a b i l i t y  was assessed by t i e  FDA assay a s  described i n  the  t e x t .  
. . . . 
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