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INTRODUCT ION

Although there have been numerous attempts to presérve functional human
grénulocytes by freezing (1,3,4,5,7,12), most of them have yislded Low suffi&al;h_l-'
at best. Ih the few cases where high functional viabilities havé Eeen.réportéd.;‘
(2,6,11), the reasons for fhe'success:are mysterious in that the proce&ureéA
used in these studies'appeér fo be only élight variations of techniques whiéh
others have reported to yield little or no success. |

To help explain the puzzling divergence in results énd‘hopefully to help
develép procedures that will lead to repeatable successful preservation, we
decided to examine the response of human granulocytes to the majof‘cryobiolégicalA
'féctors known to determine the survivals of othgr typeslof.cells after fréezing
and thawing. Chief among these factors are the tyﬁe, concentration, édd toxiéity
of cryoprotectant, the cooling and WQrming rates, aﬁd the émount of osmotic
stress imposed upon the cells during dilution of_the'cryoprotecfant after |
thawing. Most previous studies of granulocyte~preservation havg used dimethyl
sulfoxide (Meeso) in submolar concentrations as the cryoprotective agent. Since
there is evidence that submolar éoncentratio@s may not confer complefe protectidn
(10) énd some evidence that concentrations of Me,SO above 1 molar can be toxic,
we decided to use glycérol instead. There is.alsb $ome suggestion in the
‘literaturé that human‘granulocytes are sensitivé to osmotiéAstiess, Sinée slow
dilutiqn of_the additive has been reported to give higher survivql than rapid
or abrupt dilution (6).‘ Finélly, there ié littleAbut anecdotal information on‘
the éffects of coolihg rate and wariming raﬁe'on the postthaw viabiiity of'theée
cells. |

Our approach in this study was first to gxamine the suitability of

glycerol as a possible cryoprotective agent by charactérizing its toxicity.to



granulocytes independent 6f the éffects of dilution. Seéond, we wanted tb
devise a dilution procedure that would safely rémpve cells from multimolar'
cohcenfrations of the additive. Lastly, we wanted fo identify the optimum
cooling and warming conditions for these celis by studying survival as a

function of cooling and warming rates.

Toxicity of Glycerol

An investigation of glycerol toxicity independent of the stresg and
injury of dilution requires'an assay that can be carried out in the presence
of the glycerol. We used a fluorescence assay that is based on the>converéion
of the nonfluorescent compqund fluorescein diacetate (FDA)'to the fluorescent
" molecule fluorescein by intracellular esteréses.AlA pogitive ;eépénsé iﬂ,.
this assay indicates plasma membrane integrity and thé refégfidn af c&ﬁoflamﬁici
eéterase activity (4). Briefly, FDA was added to cells.suspended in various
concentrations of gl&cefol/phosphate buffered saline (fBS) to give a final‘

FDA concentration of 1.2 X 10"6

M, and aliquots of the cell suspension were
“then counted on a hemacytometer under FITC fluorescence at variﬁus times.
Surviyal is expressed aé the percentage df total ;ells counted that exhibitA
fluorescenée'(i.e., [FDA+/(FDA+ + FDA™)) X_lOO).' The ﬁemaqyﬁdmeter‘éounts also
yielded estimates of the fraction of the original ceilvpopulation that was
-recovefable aftef a given treatment. Gencrally récovery'was above 50%.
fhe.toxicity of glycerol increased wifh its concgntration'aﬁd wifh the
exposure temperature. At room temperature, cells suéi)ended in PBS without
glycerol showed > 90%;survival after 240 min vhereas cells in 2 M glycerol
shéwed only 50% éurvival after 50-min exposure and < iO% after éO min. The
results with 1 M glycerol fell between these'extremés. In céhfrasf, at 0°C

cell survival remained high: cells in 2 M glycerbl held at 0°C now showed



> 90% survival even after 240-min exposure, a result virtually idéntical‘to
that obtained with control cells in PBS. Parallel e#periments'using trypan
blue dye exclusion as the viability assay showed qualitatively the same effects
of glycerol concentration ahd temperature.

Althoﬁgh thefe have been prior reports éf boor results with gl&cérol aé a
cryoprotective agenﬁ, few have separated out the possible contribution to injury
of osmotic shock accompanying its removal. The loss in viability noted héfe,
however, appears to be the result of true toxicity, since it qccurred iﬁ'thgl
absence of dilution and was accelerated at higher temperatures.' Sin;e our
results suggested that the toxici£y can be reduced‘or eliminéted by-holdihg the
granulocytes at o°c, subséquent studies were carried out at ice bath:femperaturés.
The next problem was whether the glycerol could be removed ffom the cells Withoutm

damage.

Dilution from Glycerol

Rather than trying to deyiseAa suitable dilution ?rotocbl empiriéally or 
using procedufes that work with other cell f&peé; we chose to "custom deéign" a
dilution procedure based on the osmotic_properties of human granulocytes them—
selves. This approach has become feasible through.the‘development of a
computef program which models the behavior of é'cell Subjgcted to various
osmétic manipulafions'(8;9). Utiiizing the coupled:differential equations that
desgripe solufe perméation and the permeébility proberties of the cell in
quesfion,‘the program can quickly reveal dilution précédurés that should; in
theory, proauce minimal osmotic stress;

‘ The permeability equations require values for the isbtohic cell volume,
celi surface area to volume ratio, and cell solids to liquid ratio. These.

values vere determined by computer analysis of cell volume distributions



obtained with a Celloscope electronic cell sizer. The permeability coefficient
for giycerol, Pgly’ was estimated by comparing the aétual changes in cell
volume as a function of time after the addition of hyperosmotic glyﬁerol"
with a family of.curves generated on the compute: where P varied over a

gly
2 cm/min provided a reasonable match

ten-fold range. The value 4 x 107
bétween the actuai and theoretical‘cell responses as judged by‘eye and was
chgsen as the value for Pgly aﬁ 22°C. Tephnical difficulties encoﬁnted in

. measuring permeation kinetics at 0°C preclu@ed accurate determination of the
temperature coefficient for glycerol permeation; however, the obsef&ed changes
in cell volume with time at both 22°C and O°C were quite similar, sﬁggestiﬁg
.that the temperature coefficient is small. The value of Pgly ét 22°C was

" therefore used in subsequent computations of osmotic response.

A number of different possible dilution procedures were génerated.%ith
the computer by imposing various restrictions on the maximum céll swelling
permitfed at each dilution step and by varying the_time allowéd for glycerol
efflux befween successivg steps. Four proceduréé, two each for 1 and 2M |
glyceroi, were selected on the Basis of their convenience of implementation,
and were tested on granulécytes. We found that survival, based on the FDA
. asgay,vwas affected by both the glycerol concentratioh and the "severity" of
'thé dilution scheme. Cells equilibratéd fof 30 min. in 1 M glycerol showed
“higher survival after dilution than thosé in 2 M élycerol, and for both
concentrations, the dilution procedure involving a greater number of steps
'vresulted in less injury to the‘cells. All four procédures, however, &ielded
qﬁite ﬁigh survivals both immediately after dilution (> 90% with 1 M glycerol

and > 75% with 2 M giycerol) and after an additional 90 min of observation (less

than 10% further decline).



Freezing and Thawing

The response of human granulocytes to different cOoling and.wérming
‘rates was evaluated'using the FDA assay both before and aftep dilution of the
glycerol. Cooling rates ranged from 0.3 to 33°C/min_ana warming rétes raﬁged
from 1.0 to 188°C/min. In all cases, survival'was evaluated as soon after
treatment as possiﬁle_and thenimonitored at several additional time points
Aduring‘the next hour. Since Survival‘remained relatively consﬁént during this
additional time at 0°C, we shall report only the results foflthe first time
point. |

The results shown in Fig. 1 indicate that human grahuloc&tés.reépoha.tg
cooling and warminé rates in a manner similar to that of other mammalian ceils.
Survival was low at 1ow.cooling rates, increased to a maxiﬁum.at moderatg rétes,
and decreased again at high cooling rates. The major effect of wafming_réﬁe
. was to increase the survival at the higher cpdling rafes, é finding consistent:
wiph the idea of rescue‘from the effects of intracellular ice fo;mafiqn af
supraoptimal céoling rates. The dafé ip Fig.‘i shoﬁ'ﬁhét.ihe 6ptimﬁi cooling ‘
‘rate with 2 M'glycérol is near 3°C/min. |

| Addifiohal studies further'support the nétionﬂthat huﬁan granulocytes

exhibit a classical response to cooliﬁg‘and wafming. For e#ample, élsb rather
- typical was the shift of the optimum cooliﬁé ratg to a lower'value>with an
increase in the concentratién of the cryoprotectart from 1M to 2 M. This
shift‘was soﬁgwhat more pronounced with slow warmingvthan with rapidﬁ Increasing
the concentration of glycéfol fo-2vM also gave better-Qverall ﬁrotection.and
reduced the dependence of survival on éooling rate by broadening the range of
the optimum, espeéially when combined‘with raéid wérming.

The.above reéults refer,toicelis that have been completely d?luted free of

" the glycerol after thawiﬁg. To estimate how much injufy‘is attributable to



the freeze-thaw process itself,-viabilify'was also assayed with FDA immediately
after thawing but without dilution. In most cases, survival wvas higher in

the abserice of dilution by a reiatively fixed proportion, euggesfing that the 
stresses associated with dilution and those associated with freezing and
thawing may operate independently of each other. Under thhmnn‘conditions,
swrvival of undiluted frozen-thawed cells was 73% while the dilufed semplee
showed 56%.v The difference suggests that approximately'23% of frozen-thawed
cells are killed by dilution, a finding that agrees well with the figﬁre |

obtained for dilution in the absence of freezing and thawing.

Higher Order Functional Test

Although the FDA assay is a good screenlng test for negatlve results,
meaning that cells Judged nonviable by this’ assay woﬁld most probably be
nonviable by most other criteria, positive FDA results need to be conflrmed
by a more definitive'measgre of cell function. One of the more sensitive
‘measures of higher order_fﬁﬁctienfin grenulocytee ié theirAebility £o undergo
chemotaxis. To assess this ability, a sample of frozen—thawed-diluted
- granulocytes showing > 55% survival after treatment (basedAon the FDA assay)
was placed in the upper compartment of a standard ehemotaxis test chamber
(Boyden Chamber, #B-312,Neuro Probe, Inc., Bethesaa,.Md.).' After appropriate
incubation and processing, the filter was analyzed by optical sectioning to
Adetermine the extent to which the cells hed migrated.towafd.the.stimulue in
the loﬁer compartment of the chamber: AIn contrésﬁ to the unfrozen control
cells Which exhib;ted good migration, the.expefimental:sample.showed abselutely
no>movement infe the-filter. Based solely on these results; the FﬁA‘assay |
"appears to overestlmate the functional capa01ty of human granulocytes afterv

freezing and thaw1ng However, a major procedural difference between the two



assays is that the cells'being examined for chemotactic capacity were incubated
for 2 hr af 37°C after treatment, whereas cells for the FDA assay were heid-

. at 0°C until counted. Acc0L01ngly, we also used the IDA assay to determlne

the suTVLval of a frozen- thawed diluted sample that had been placed at 57 C

for various times. The FDA results in this case now agreed with those from

ﬁhe chemotaxis assay in that after incubation for 60 min they showed no surviving

cells in the frozen-thawed sample.

SUMMARY AND CONCLUSIONS

Because of its simplicity, the FDA assay can oe used effectively as a
screenlng test to eliminate procedures and treatments that are damaging to
' cells; however, as exemplified by the chemotaxis stud&,Aaddltlonal testsA
must be performed to confirm any FDA p031t1ve results. 1In this conuext a
number of conclusions can be drawn from the data presented: (l) Exposurc to
1 and 2 M glycerol at room temperature becomes rather damagln° to human
granulocytes ;n a matter of a few tens of minutes. Exposure to 2 M glycerol
is much the more damaging., Reducing the exposure temperature to O C reduces
the amount'of injury substantially (2) Human granulocytes respond to freezlng
and thawing in a manner typlcal of many mammalian cells in that they exhlblt
a maximum in survival at an optimum cooling rate slightly above 1° C/mln
. when combined with rapid warming;' The use of rapid wa?ming and.a high (2 M)
concentration of glycerol reduces the dependence of survival on cooling rate
by bhroadening Lhe.range of'rates over which survivel is relatively high. (3)
Human granulocytes show some sensitivity to dalution stresses since -survival
depends somewhat on the concentration of glycerol used and the severity of the

dilution procedure.



At this time,vthe reasons for the sharp décrease in cell viabilify
following incubation of frozen-thawed granulocytes at 37°C are not known.
One possibility is that the PBS suspending medium used in ﬁhis s£udy is not
suitable for incubation at 37°C. ~ We chose phosphate buffered saline because
simple salt solutions are usually és effective as more .complex media during
freezing, and because they simplify the running 6f the'computer simulations.
A second possibility is that some cell injury is simply not'expressed at O°C
and remains undetected by the FDA assay until the cells are incuba£ed at |
37°C. There isbalso.thé possibility that lyéosomal éhzjmes released;By a
few damaged célls in a sample will cause additional damagé in othér cells
at 37°C, and éogsibly lead to a chain reaction of injpry. .Euture exPériménts
will hopefully distinguish among these possibilitiés_and'aid inIQOlying the
vexatibus problem of . obtaining frozen-thawed granulocyfes that can function

at 37°C.
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FIGURE LEGEND
Figure 1. Survival of human granulocytes as a fﬁnction of cooling rate.'
Cells were sﬁspended in phosphate buffered saline containing 2 M glycerol aé
a cryoprotectant. - After either slow ( O ) or rapid ( @ ) warmiﬁg,'the cells
were diluted free of the additive by a stépwise dilution over a period éf l~ﬁr.

Viability was assessed by the FDA assay as described in the text.




©100-

SURVIVAL (%)
| | o)) (0]
?__ 9

o
1

O
.14

FREEZING, 2 M GLY/PBS

oK}

COOLING RATE

10
(°C/min)





