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Exposure to a hypotonic environment constitutes a

":physiologic stress How cells respond to that stress is

~ Q

an important question in cryobiqlogY' because dilution)

of the liquid medium surrounding cells occurs during _and

-

after ‘thawing. 1In this study,A the ef.fects"of exposure'

':to a hypotonic env1ronment on human lymphocytes were

chara&\erized using flow cytometry., o S
A population of cells may be subdiVided into

surv1v1ng (live) and, nonsurv1v_1ng (dead) subpopulations -

'follow1ng exposure to a stress. Live- and dead cells are

easily distinéuished by flow cytometry, allowxng each

'subpop>ulation to be characterlzed separately. This made

pos51ble gour areas of focusf (1) what variables affect

-lymphocyte surv;wal in a hypotonic en_v:.ronment? (2) what

| changes . can be detected in lymphocytes /prior to cell

death? (3) -what changes can be detected in 'sur\‘n.vn.ng

cells? and (4) how is lymphocyte volume affected by
expOSure to hypotbnic stress?

Exposure to severe dilution was . found to be more

detrimental to lyaphocyte survival at 25°C than at 0°c.

Exposure .to __].ess dilute solutions, however, was more

~

detrimental at the lower temperature. This observation

implies -t~hatl the mechanism_ 'of cell death -may be

e

.diffe"rent in the two tonicity ranges or at the: two

" temperatures, and has implications for the design of

[

iv.
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thawing protocols. I ' kN ‘ .

Changes in 1ymphocytes which were observed prior to

cell death included loss ~of FALS intensity &nd loss oﬁ

membrane potential. Loss of cellvvolume was observed as

Al
»

a late event, following cell death. K
{Lymphocytes which survived a. dilution stress showed
loss of intracellular ions, as 1nd1cated by loss of both

volume and membrane potential.

Most lymphocytes 'regulate volume"in:.a hypotoﬁic‘

. env1ronment at 25bc but not at 0°C. - Flow cytometry

l

allows the dlscrimination of volume Fegulating from non-

regulating cells by up to three 1ntr1nsic parameters.

.J_

Flow cytometry is demonstrated as a useful tool in

the. 1nvest1gation of the responses, of cells* to

,alterations in their environment.
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| E | CHAPTER oNE. . T
T IN’I'RO'DUCTION | |

The objecti‘ve of this t’hesis is to eharacterize uhe_,
effects of exposure to a hypotonio environment on human-

peripheral blood 1ymphocytes through the use of flow.e_ \

Par

cytometric techniques. e

When the env1ronment of a cell 1s altered in a.’

~-—

manner whlch constitues a physi&loglc stress, a cell, can -

respond 1n one of three ways- lt may dle, it may surv1ve~ ‘

o

.

"'populationj of j cells "may be made 5 up of several " :

subpopulatlons whlch vary in thelr response to that

. stress. SN ; . ’_ | i - » B
For the purpose of this ’study,‘ ciali déath may

reasonably be deflned as loss of. membrane 1ntegr1ty.°

Surv1val 1s therefore deflned as- the main'tenance of cell

membrane 1ntegr1ty after exposure "to a stress.

USJ.ng the above deflnltlon, dead and surv1v1ng-,
- cells are eas:Lly dlstlnqulshed u51ng flow cytometr1th
techniques, gllowing four fundament,al questions to be
addressed' what varlables affect lymphocyte surv1va1 in ';
-a hypotonlc env1ronment, What changes can ke detected in

lymphocytes prlor, to cell death, what changes can be

bl

volume affec ed by exposure to hypotonlc stress"

altered in some wvay, or it may survive unchanged A

detected' 1n ‘\ surv1ving ; cel‘ls, v and, how is- lymphocyte" '

Coa 'v :.\‘.

—: To .answe:r- these guestlons, experlmental protocols}"l ,



o

were designed to expose lymphocytes to environments

which - varied according to 'deqree of hypotonicity,
"""""" _~Changes<in‘

duration of exposure,
/
membrane potential

optical progefgieg' volume, and

were measured by fiowgcytometry. _
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LITERATURE REVIEW

%.1 RELEVANCE OF HYPOTONIC STRESS TO CR_OBIOLOGY J ‘
The response of cells to a hypotonic environment is
,'a r;levant 1ssue in cryobiology hecause cells are.,
* exposed to dilutiongstresses durin?fand after thaW1ng.
| ﬁhen 1cells: are frozen Aand//thawed, a variety. of

‘stresses may exert thelr effegts. : These include the -

ra
/

:stress of temperature reduction (cold‘shock), the
_presenqe of ice inside the cell and-the'stresses
,assoc1ated with the concentration of solutes in the’
_extracellular flu1d (solution effects) EXposure to a
hypotonic enVironment constitutes a d11ution stress.
| Dilutlon stress/ has been 1dent1f1ed ‘as the most
1mportant post thaw variable affecting cell sugwlvali,
after free21ng K%arrant '"1980) . Farrant p01nts out that-
examination of the conditions for either progre551ver
damage or repalr of cells after storage is perhaps the"
most neglected area of cryobiology
DilutionNstress during cryopreservation occurs
:during thauing, as'a consequence of the melting of
extracellular ice, and after thawrng, during remoyal ofp'
A cryoprotectants (Farrant 1980)- Both the rate (Peggf;
1970) and the temperature (Thorpe, Knight and Farrant
1976) at which the removal of’cryoprotectant takes place

have been 1dent1f1ed as 1mportant varlables affecting

1] R a .
. . LY

' " ) ’ 3



L .
\ } PN

~ post-thaw: survival. ' '

'é.z THE EFFECTS OE HYPOT??IC STRESS ON LYMPSOCYTES'
Studies of the‘effects:;f hypotpnic?stresa on
iymphooytes over the past 20 years have reiterated a
common - theme~ that lymphocytes very in their
;susceptibillty to hypotonic stress. Factors which may
lnfluenoe,the observed heterogeneity of response to -
hypotonic f;tteSS ‘are: cell 'type; stete ifof

oni;end disease state.

. dlfferentuaf _ :
| i .

Speotrﬁm“ "‘oell types whlch vary in thelr

susoeptlwlllty to suddeh death Hy shock treatment. A 30;'
‘sec. exposure to dlstllled water resulted in recovery of
only §0%=ofvthe origlnal cell population, and a_fnrther
-10% sﬁowed°oross morpnologicai damage.. The reémaining
lymphocytes showed re stance to subseguent hypotonic'“
”'exposure, but did iii respond to stimulation by

' phytohaemaggldtinin (PHA). |
“‘A‘Buttefworth“‘\(1971) enamined' the hypotonic
sen51tiv1ty of nmurine lymph node, thymus, and perlpheral
blood lymphocytes, and found that,thymocytes were more
_sensitive than lynph node and peripheral blood

- lymphocytes. Bntterworth suggested tnat the fﬁnctibnai

change occurring when cells are immunologically pfimed
| o s



could be accompanied by a membrane ‘change which confers .

increased osnﬂtic tolerance.

Y-

Thompson, Robinson, and Wetherley-Mein (1966) found

~  that circulating lymphocytes in patients with chronic

lymphocytic ° leukemia (CLL) consisted of two‘
populations: adherent and non-—adherent to polystyrene

beads.  The latter population-was found to have

N
properties similar to normal lymphocytes in terms of

resistance to .vdeath by hypotonic shodk. T}e adherent'
cells’, in contrast, were"abnormally.r"esistant to
hypotonic shot:lk..'r - |

From a cryobiological‘ perspecti‘ve\,. e_xtensive
studies on the responses of murine 1ymphocytes to
hypotonic stress have been carried out by strong (Strong
et. al, 1974; Strong, 1976). Tgese studles compare PHA-
reSponsi‘ve to lipopolysaccharide- (LPS) respons:Lve

lymphothes. In the mouse, . PHA . responsive cells are T

. cells (Blomgren and - ‘Svedmyr, 1971) and

lip0p61ysaccharide (LPS) responsive cells a're B cells

N (Peavy, Adler, and Smith, 1970).

When compared to murine B cells, murine T cells are
more susceptible to hypotonic stress and require a much
shorter duration of exposure before damage is evident

&

Pretreatment of murine lymphocytes in hypotonic medium

uprior to freezing sensitizes murine T cells to

subsequent freezing damage to a greater extent than B

cells. Furthermore, ‘murine T cells are more susceptible

~
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to the rate of post-thaw dilution than are B cells.

2.3 VOLUME REGULATORY RESPONSE OF, LYMPHOCYTES IN
HYPOTONIC MEDIA - -
Despite réports that lymphocyte wolume(waries
linearly with extracellular osmolality over a wide range
_(Law et al.’ &983) there is considerable evldence to the
contrary. A wide variety of nucleated mammalian and
avian cells, 1lncluding lymphocytes, have been shown to
'have the- abllity to regulate their volumes in hypotonic_

.

media (see Kregenow,a1981 for review).

I
)
Ly

Bui and W11ey,(1981), found that human. lymphocyte
volume regulation in hypotonic medla occurs largely by
a‘passiwe loss of cell K+[ with accompanying exit of

water. They postulated that ' the increased Kkt

?

permeablllty is ca r1er-med1at°d. -

Cheung et al: (1982) found that. the ,.x*

permeablllty cha ge was bidlrectional in that both
efflux and 1nfl x of K+ were enhanced. ‘The volume
change, therefor ’ would be expected to depend on‘the
extracellular K7 concentration. Thie was indeed found
vtobbe.the ca e,-as they were able to confirm the
observation of Ben-Sasson et al. (1975) that in-high k+b
medium, shri kage is absent and secondary swelling
occurs. | .

Grinstein et al. (1982) examined the role of ca’t

/
/



'in the volume regulatory response. Lew ‘and Ferriera
(1978) had shown that ca?* ‘plays a role in K* efflux

during volume regulation in duck erythrocytes. Bui and

Wiley (1981) had been unable to substantiate such a role,

in the caée of human lymphocytes..

Grinstein et al., however, found that effects

similar to those induced by hypotonic 'stress could be '

oy
- produced _ by raising the intracellular Ca2+ level with
the . Ca2+ ionophore A23187. Quinine, a' known- 1nhib1tor

ofFCa2+-activated' pathways in-other systems; blockéd

the volume regulatory response. In -accordance with- Bu1

and Wiley, howeyer, Grinsteln et al.. found that

2+

extracellularn Ca concentration had no effect on Kt

permeability.

~ N

These results led Grinsteln et. al. to propose the

hypothesis that cell swelling triggerS'the release of

Ca 2+ from intracellular stores, such as mitochondria ‘and

e
..n "

endoplasmic reticulum, which results in aétivationmof ar.

. . . 23 “‘.
. .

Ca2+-dependent K+ channel . e e

' Grinstein et al. (1982a) tested the aésumption,w
' based on data from red Dblood cells, that anion
ﬁconductivity in human lymphocytes is 1n1tially hlqh and
is unaffected in the hypotonic response. ‘ This prqved
not to be the case, as they found direct evidence that
c1"wconduCtivity is initially 1low, and is increased by
hypotonic exposure. - |

Sarkadi et -al. (1984), using the’ channel-_forming



ionophore gramicidin to shunt cation transport s0 that
anion transport alone would limit the volume .response,
_were able to show that the Cl~ and K"’ conductance
pathways are independen_t, and that the K_*l p.athway has

2+

~ properties simil’ar to the Ca“T-activated transport

pathways observed in various cell membranes o

Sarkad.i et al. (1984a) examined the kinetics of the~
X opening and closing of the anion and cation pathways
| durmg the v;lume regulatory response They found' that
the opening of the cCl~ pathway was triggered by the
3

.increase in volume: a threshold volume of 1.15x ,’isotoni;c

was "req‘u‘vired for the c1” channel to open. If the volum.e
of a .swollen cell was decreased below the threshold
volume, the Cl1~ transport pathway was inactivated

Activation and “'1nact1vation of the Cl1~ _pathway are
‘independent of the relativeq‘ vol.ume changes and of 'theb
‘actual cellular ionic con‘centrations.‘ In oontrast, the
increase in k* con.ductance was found to be graded in
respohse to the increase in cell vol-unz.

The opening of specific:»ion ch'annels ‘in response to
deviations from normal osmoticconditions is AeSpecially
1nterest1ng in 1light of the partic1pation of ion
channels in cellular activation. - K+ channels are known"
“to play an important__ role in-_t'he stimulation' of
lymphocytes by mitogens "(Q'uastel and Kaplan, 1970; Kay,

1972). There is also. strong evidence ("I'runeh et al.,’



1985) for the involvement of ca’* in . 1lymphocyte

activation.

Q.
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//ﬂ CHAPTER THREE :
_ INTRODUCTION. TO FLOW' CYTOMETRY .

| / {

3.1 THE FLOW CYTOMETER

h ]

A flow cytométer'is anﬂﬁnstrumént which measures
opticél properties of single cells in suspension as they
“interact with a lqser.'light source. . The cells are"
hydrodynamically focussed (Spielmgn,and Go;en 1968), so
that they pass £hfough the laser one by one. Light

sc;ttered"and fluéresced b& tge'cells is detected by
‘photomultiplier tubes (PMT’s). Light intensity is
trah%duced to voltage pulses by the PMT’s. The voltage
pulse is then inﬁegrated ‘and converted to a digital
sigrial by a 256—channe1\an&log-té—digital converter
(ADC). The data is accunulated in computer memory as..
256~-channel histograms.of céll number versus liéht
intensity. * )

Dat"';a‘1 can bé dis’f)laYed eithef as a one ‘parameter'
histogrami as shown in'Fig. 3.1(1: or as a two paramete§
ihistogram,' as shown in Fig. 3.1.2. - A one pafameter
histoéram actuaily displays two’variblgs:‘the second, in.
the vertical plane, *being frequency or number of cells. -
Similarly; a twd paraméter histogram displays three
variables. The terms, "one parameter," and "two
parameter," are conventionally accepted in the the fielézi
. of flowAcytometry (Shapiro, 1985): .

»

AnY one parameter, such as low énglé light scatter

-

»



VOLUME

'FIGURE 3.1.1 One  parameter- h\istog‘ram of
volume (horizontal axis), versus
numbef of cells (vertical axis).
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VOLUME -

A Hlﬂlli!l

i i

FALS | -~ FALS

FIGURE 3.1.2 Two-parameter histograms of FALS
(horizontal axis) versus volume -
(vertical axis). The third
dimension, represented by:
contour lines, is number of "

: cells. Before treatment (A), and
( after treatment (B).
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or fluorescence at a particular wavelength, can be uaed
to define a gating window within which to measure any
other' parameter. A Gating windows are one) way to~
investigate the relationship between two parameters

Two parameter histograms (Fig. 3.1.2) can also be
used to graphioally show the relationship of two
parameters: The “horiz;;tal and vertical axes in the
plane of the paper each represent one of two parameters.
A third dimension, out of the plane of the paper, is
implied by the contour lines, whioh represent the number
of cells at each level. Two parameter histograms may
also be measured within gating windows defined by other
- pamametere. _ ' .

Two parameter histograns are very help}ul in
monitoring changes that are occurring simultaneously in
more than one variable. For instance, inspection of
ng. 3.1.2 (A) reveals that the before-treatment
population has a uniform distribution in terms of FALS

- and volume: The roughly circular distribution of the
population in two planes of tne paper is the consequence
of plotting two normallf_ distributed variables
orthoganally with respect to each‘otherf In contrast(
the distribution of the after—treatment population (Fig.
3.1.2 B) is no longer uniform: two distinct

subpopulations are now evident. One subpopulatlon has

-dlverged down and to the left (both FALS and volume have

i

N
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decregsedj, whereas the other_pubpopulat}on has diverged
to the right while maintaining the same vertical level
(FALS has increased‘whéle volume remains the same).

The c;bacity té/simultaneously mgasure several
variables for each individual cell in a sample of
thousands of cells makes the flow cytomgter a very

powerful tool. The capacity to illustrate how each

14

variable is related to the other through the use of two \

parameter displays and gating nakes this instrument

truly unique.

3.2 APPLICATION AND THEORETICAL ASPECTS ,
"Flow cytometry has found its widest application f;
the qualitative definitf{on of positive ahdbnegatiVe
subpopulations with regard to a partijicular fluo:escent
antibody (Loken and Stall, 1982). However, the scope of
applications is rapidly expandihgw(ége Shapiro, 1983 for
revigy).l ’

The following discussion presents a brief
introduction to the theoretical basis of the assays used
in this work.  For .convenience, I have used Shapiro’s
(1985) classificatiqn of - cellular flow cytometric
parameters as either intrinsic or extrinsic, based upon
whether or not they can be measured without the use of
reagents. Intrinsic parameters include 1light scatter

{
and volume. Extrinsic parameters ‘are those which

depend upon the application of an extrinsic dye or

1



.often'u ed as an indicator of . cell—size, it is actually

’a complex function of sevegal variables ' A nearhlinear

*e. SR [

. o o " : : -"\'

'label, -and the light emitted is fluorescent. ie.,_emits

. at a. wavelength other than the excitation wavelength of

o

][i l!'.‘ y N . .y

ijlthoughj~forward, or low angle light scatter is

’relationship between size and forward scatter 1s true

only w1thin a certaln range of diameters and only for

fsmooth spherical objects where size is the only variable 3

‘(Mullaney ‘and: Deanﬁ 1970) The theoretical basis for

‘the dependency of scatter on the refractive and

»

'BRreflective propert1es~of the particle or cell are

=

rev1ewed By Salzman et al ’ 1979 and Salzman, 1982.

- Forward angle light _scatter (FAIS) is routinely

PN

"used to exclude dead cells from analy51s (Loken et al.,

N

>1976) : Dead cells have characteristically low 1nten51ty

-

FALS, and gated analyses of scatter distrlbutions have

"‘ shown that in*mixtures of live and dead cells, the low»'

'_‘1974, Loken and -

vlight scatter 1n’<

intens1ty‘ peak corresponds to ‘cells which do not

'fluoresce when stained w1th the fluorogenic compound

fluorescein diacetate (FDA) (Julius and Herzenberg,_

rzenberg, 1975) However, reduced

e case of dead cells is- not due to a

reduction in cell size.v Heraenberg,and Herzenberg

. -

g
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 (1978) suggest that changes in refractility between 1ive

. and dead celld may be rgs;‘s’a’néible‘ for both the

‘"difference in appearances with ‘phase contrast microscopy

.and light scatter intensity. The exact physical basis

for thlS extremely convenient phenomenon remainsll

» -

obscure.

~Ninety degree light scatter  (90LS) is thought. to be

‘more closely related 'tot internal)‘ @tructural

9

'characterlstacs of the cell than is scatter at low'A

% :
angles. Salzman (1982) estlmates that 90LS response is

Y

'roughly five, tlmes more sensitive“vto changes in

i refractive index than is FALS. AShapiro (1983) fdund
90LS was correlated with measurements of total protein

',content as estimated from ‘the fluorescence of a protein-

blndlng ac1d dye. - mﬁj’

The combinatlon of FALS and 90LS in twe parameter

;/\/

hlstograms has ‘been, pfpund to be vfry dSeful in

discrimlnatlng between dlfferent cell types { S‘lzman et

N

\ .
',al. (1975) used two-parameter light scatter to

distingulsh unstalned iymphocytes, monocytes,' and

granulocytes 131 buffy coat. preparations of human'

o %
perlpheral‘blood. nald andQZaech (l982) used two

7parameter light' ycatter toh‘discriminate between

lymphocytes and lymphoblasts -in tmixed lymphocyte

-

- culture.

f'VisSer et al., (1980) used two parameter light,

b ) “

16



change in resistance which occurs when a cell traverses

;

scatter to show the sensitivity of both parameters to
. . the osmolality of the suspending medium, using murine

_erythrocytes. At high osmolality, 90LS increased, and
gd at low osmolality, decreased. This is interpreted with

'mf‘ reé%ect to the changes in refractive index which would

result from water entering or 1eaving the cell.. Forward
*%catter decreased when the cells were crenated in high
osmolallty solution, and increased, when the cells became

swollen sﬁheroCytes‘in low osmolality medium.

R

3

o ) - , .
(1985) made availakie the Coulter Volume Adaptefy (CVA)
.as annaccessory to the .Coulter EPICS flow cytometer,

.allow1ng1 simultaneous measurement - of volume and

photometrlc parameters. The CVA is ‘based, on a

.modlflcatlon of the Coulter transducer (COulter, 1953,

1955) which measures ~the changes in electrical

resistance produced by a particle suspended in an’

electrolytic medium traversing §=narrdw;aperature.

9

; The theoretical aspects of electrical sizing are

reviewed -by Kachel (1979) and Grover et al. (1982). The

'

the aperature is influenced by. cell-specific and

aperature-specific.Variabies. The former are cell
volume, shape, orientation, ‘and  the electricalv
resistivity of the internal milieu of the cell compared-

to the. surrounding medium. The latter are the current © -
S ’ e "

Coulter Elect; nics (Hialeah, Fla.) has recently'

17



_~
through the aperature, and the geometric di%ensions of .

thi aperature. The magnitude of the voltage pulse

produced;by the,ceilkis the 9haracteristic.which most

neariy‘exhibits“proportionality to celllvolume:

) {ﬁhenxthe permeability of ‘cell membranes is altered
as a result‘of stress or qamage, the electrical size of

the cell may be expected to'decrease (Grover‘erlal.,h
}1982a); since‘the internal milieu of “the cell beoomes

more'similar to ‘the exfernai’medium-’ This phenomenon

has been applied to measure the osmotic fragility of

" human erythrocytes (Gear, 1977) and to monitor early‘

\ changes in membrane permeability associated with. immune

cell 1y51s (Reif et al., 1977)

T ™

3;2'b) Extrinsic Egrametérs

Membrane mm—s__

. . : -
The use of llpophlllc, cationic dyes'as;indioators
ff membrane potential has been reviewed by Shapiro
(1985) . Dipéntyloxacarbocyanine, ._Dioc5(37_, -is a membe_r
of a class of ‘qompounds which distribute across the-‘J
'plasma'membrane.at conoentratioqs éepenaent‘on the
- cytoplasmic membrane potential. - | |
In_their'comparative;shpdy of 29 different cyanine
dyes, Sims et al. (1974) emphasized“ the use of- two,
DiQC5(3) yand‘adipropylsulfacarboycyanine;"Disés(S),

because of the large fluorescence changes e ibited by .
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thgse.dy;s in‘reépénse to maximal hyperpolérizétioh '
Jindﬁcéd'by“the K+ ionophore valinohycin, and bec;use of
ﬁheir ,stabilit& ahd’ lack of“toxicity. DioCg(3) has
found particular ‘application in‘:-the‘.study of the
membrane response of ’iqdiiidual human neutrophii§ mto

stvimul'aj;oryo agent‘s (Seligmann, Chused, and Gallin,

1981).



CHAPTER FOUR
' METHODS AND MATER,IJ“.G

4.l ISOLATION OF LYMPHOCYTES -

Blood was collected from healthy donors by the
Canadian Red Cross Blood Transfusion Service in donor
bags.with citrate—phosphate-dp;trose-glycihe'(CPﬁ-1) as

- the anticoagulant. The buffy coat layer was separated
from the whole blood by centrifugation at 700xg for 10
min. in a Sorvall RC- 3 centrifuge ~ The buffy coat was

diluted 1:1 (V/V) with 1soton1c PBS and 30 to 35 ml of.

‘the dilu ed mlxture were layered onto 15 ml of Isolymph

(sodidm di trizoate’and‘Ficoll 400; density 1.077 é/ml:

Gallard-Schleslnger, Carle Place, N.Y.) in four 56 ml\ .
-.centrifuge tubes. ;ne‘tubes were centrifuged‘at 400xg.
for 40 min. and’the mononoclear layer was collected from
:\%he interface'(goyum, 1968);

£ 'The cells were then washed twice at 400xg for 5
min. with cold 'pB'S/-B_s-A Vand» resusoended ip .Rf’MI 1640
(Gibco) with 20% FCS (Flow Iaboratories,'inc.) at a
concentratlon of 20 x 106 cells/ ml. Twenty ml of thel
cell suspension were: placed in each_;of .four plastic
tissue culture dishes (100x20 ma Falcon 3003) and
incubated at 37° in ‘st co, for " 90 min.  The non-
adherantqlymphocytes’yere removed by gently swirling and
Zx theﬁ pouring off the.suspéhsion, aod rinsinq the dishes

" gently with warm'PBS/BSA.,$AQherantipopocytes were left:

20 -

)



: behihd.~:The lymphocytes were then washed twice for 5

21

~ ‘mih. at 300xg to remove platelets. Contaminating red

cells were not’ 1ysed

) Lymphocytes not used within three hours of

sebaration were)suspended in RPMI 164di§1us L-glutamiﬁe.

(20 mM) (Gibco) with 25 mM HEPES buffer, 10% FCS and 1%

'penicillin/streptomycin (Gibco), &t a cell concentration

t

of 1 xlo6 cells/ml and i?cubated at 37°¢, in a 5% €0,

atmosphere. All lymphocytes were used w1th1n 24 hr of

collection. 3

Immediately before use, lymphocytes .were .

centrifuged andhresﬁspended'in isotonic PBS with 0.5%
BSA (Miles Pentex) at a concentration of 1x 10’ cells

P

/ml.

4.2 STRESS PROTOCOLS -+
These procedures were performed, at room temperature

(25 +/= 2 oC) and on melting ice (0°C).

A shorthand is usedtthrqyghout thls thesls to

denote ton1c1ty of suspendlng med;a. osmotic strength is

J

" expressed as a' decimal fraction of the isotonic

josmolallty.. For example a 0.1x solution has one tenth
the osmolality of an isotonic solution (0.1 x 300

: mOsm/kg 30 mOsm/kg).

4.2 a) ééxg;g hypotonic st;esg;tor.inc;easing time.'
folloved by return to isotonic conditions.
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SevenHaliquots were prepared by adding 0.1 ml of N

cell suspension to 0.9 ml of distilled waterv(o.ix final
goﬁcentration). After time intervals of 0.5, 1, 2, 3, 5,
7, and 1@& min. the samples\wefe returned;xo 1sotonicity
- by addition of 0.1 mi of 10x PBS. A control sample was
4d11uted with 1sotonic PBS to the same final volume (1.1

ml).

4.2 b) Increasing hypotonic stress for a fixed Ltme
‘_in__te__rv_s;_._l followed by return to isotonic andi&ignm
Ten allquots were prepared by adding 0.1.ml of

cells to 0.9 ml of medlum prepared to achieve dilutions

of 0.1x to 1x isotonicity. . After 5 mln., 0.1 ml of the

appropriate hypertonic mediu@ were added to return the -

cell suspension to isotonicity.  Details of the.

preparation solutions for this protocol are found in

Appendix A.

.420)_L_Mtonc_L_stes I_:;n_:eg_mgums_gng‘
return to isotonic conditions. - L N

This pro;dcol was used to investigate volume

regulatlon in lymphocytes _

" One- hundred pl of cell suspension were added-to a
nixture of 0. 4 ml dlstllled water and 0.5 ml isotonic
PBS (0.6x final concentretlon). '

Flow cytometric (FC) analysis was p rmed at

intervals: - fox up to 20 min After:dilut;on without
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adjustinq the tonicity of the medium.

st

4.3 Fppw CYTOMETRIC (FC) ANALYSIS
. ' . , _

4.3 a) Eguip.mgm;
FC analysis was performed using an EPICS v flow

23

'cytometer (Coulter.Electronics, Hia_leah, FLA.), equipped:

with a Coulter Volume Apparatus (CVA) and a dual laser.

only the argon.laser (Innova 90 Series, Coherent Laser

Products Division, Palo Alto, CA.) was used in this

study. The excitation wavelength was set at 488 nm at

all times. Laser power was controlled automatically at

a constant §utput of 500 mW.

_ Details of optical filter' setups, PMT high vo‘ltage -

o e - . O
and gain settings and gatlng\ parameters are included in -

Appehdix B.

4.-3 b) Data’ Analysi‘s

Frequency histogtams may be described by a number

of statistics. The mean “channel is the channel having

the average intensbity‘ of ~that parameter in tfle
populatlon of cells measu ad | "he peak, or modal,
‘thannel is the channel 'havi-; rhe highest frequency.
Differences in the mean arr. p«4K crannels are indicative
’.c;f deviations-,from“\a\no;mal Aistribution of that
pafameter' within the population of cells. 1In this
study, both means and peaks ere meésured, ﬁut peaks

were used to describe trends i the' data. Peak vaiues

é
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were normalized as a percent of the isotonic,’ unstressed

- control peak.

4.4 MEASUREMENT OF INTRINSIC PARAMETERS: VOLUME, FALS
AND 90LS
Experiﬁents to. determing the effects of hypotonic

stress on iymphocyté intrinsic FC parameters wgre

' conducted in replicate 5T thrgg(\f?ch‘using lymphocytes -

\f;om.a different don r, for each.stress protocol at,bogr
0° and 25°%. Flow cytometric analysis was carriéd out
at room temperature fdr -all samples, but tpé’samﬁles

'which had been stressed at 0°é were held on ice until
analysis.. ' |

‘The gain and high voltage séttings were chosen to
place thengeaks‘qf the isotonic control histograms
apprbximgtely in the middle of the 256 chénnellrangé, 80
that. both ‘increases and .decreases in the parameters
could be monitored. To eliminat; »contaminating

,plqtélets, erythrocytes, and debris frem FC analysis,
data accumulation gatés were set to exclude the lower
channels in both FALS‘and vqlume»histogra;s.

Peii valueé wefé obtained for 90LS as.log values,

and were converted to linear peak values using the

formula: -

linear peak channel= 2.56 (10109 peak channel/85.3,

-



' .
4.5 MEASUREMENT OF MEMBRANE POTENTIAL

The dye, 1,3—gipentyloracarbocyanine, DiOCg(3), was

used as an indicator of mgmbrane potential (Waggoner,

1976). The dependence of dye fluorescence on “cellular.

‘mémbrane potential is demonstrétea iﬂiAppendix c.
DiOC5(3) (Molecular Probes) was prépared as a 1 m¥M
stock solution in dimethyl - sulfoxide, DMSO (Fisher), and
stored protected from light at "room temperature. A
.working solution was prepared by making a 1 in 75
dilutibn ofvstock solu:ion'with DMSO. Eight pl of the
'working solutlon were add‘d to 1° ml of cell suspen51on,
to give a final dye concentration of 106 nM. The total
concentration of DMSO was not mqre‘than 0.15% (v/v).
When lymphocytes were stressed énd then returned to
isotonic conditions (protocols 4.2 a,b)"the dye was

added after return to isotonic conditions.

When lymphocytes were stressed at 0°C,. the samples

. were allowed to warm to room temperature.before adding
the dye The cells were incubated in the dark for 30

min before FC ‘analysis, and the fluorescence remalned

25

stable for at least two hr. Control samples were"

analyzed at the beginning and,%pd_éf a run 6fkiziessed

samples to monitor any drift in fluorescence over time.
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4.6 CELL VIABILITY INDEX ("

Cell death can reasonably .be defijfl as

irreversible loss of membrane integrity. Iloss of
membrane integrity, as indicated by vital stains such as
ethidium bromide. and fluorescein diacetate; 1is
correlated with loss of FALS intehsity (see Appendix D).
By gating on FALS, lng and dead cells can therefore be
distinguished easily by flow Eytometry and analyzed
separately. . |
An accurate index of cell survival, however, should
ombine measurment of the number of cells which have
mdintained membrane integrity with the number of

reﬁaining intact cells, ie, those which have not lysed.

. This can be done by measuring the total number of cells

in a given volume of the stressed sample, and. comparing

this to the number cells in the control. This

proportion is then multiplied by the proportion of the

intact cells which have maintained membrane integfity,

to obtain lymphocyte survival (%).

To count cells in a given volume, ;n iﬁternal
standard was.used. An internal standard is a éuspension
of particlés which differs in light scatter properties
from lymphocytes, and which can-therefore be addedaib a
sample of 1ymphocy£es and counted séLgratelyr For this
study, the particleé had to be unaffected by hypotonic

media, and therefore, polystyreng beads (Coulter 15 pm

26
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diameter microspheres, #6602707%, Coulter EPICS Division,

Hialeah, Fla.) were chosen. Gates were set on the 90LS

distribution of the beads, which was outside of the

range of lymphocytes, and a fixed number of bead counts

was chosen as an endpoint for data accumulation.

, <
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CHAPTER FIVE

RESULTS

5.1 EFFECT OF HYPOTONIC S5TRESS ON LYMPHOCYTE SURVIVAL .
When 1yﬁph6c¥pes were Fxposed to severe hypotonic .
stress (6.ix medium) for'inéreasing duration at 25°c,
survival was less than whep e&posure took place at 0°c
(Fig. 5.1.1). Only .60% of cells survived a one min.
exposuré~at 25°¢. In contrast, 60% of lymphocytes
survived\ a 3 min. exposure to 0.1x medium at 0°c.
osure to increasing dilution for a constant
time, min., (Fig. 5.1.2) showed that the detrimental
effect of hYpotonic stress on lymphocyte survival was
greater at 25°C than at 0°C only in very dilute
solutions (0.2%, 0.1x). In less dilute:solutions (0.4x,
0.3x), lymphocytes showed enhanced survival when diluted
at 25°C compared to thos& diluted at 0°C. Exposure £o
solutions less dilute than 0.5x had 1little effect on

lymphocyte survival at either temperature.
5.2 CHANGES ASSOCIATED WITH LOSS CF MEMBRANE INTEGRITY.

Two parameter histograms allow determination of the
séquence of events associated with 1loss of membrane
integrity, as #ndicated by loss of FALS.

In Fig. 5.2.1 (A) the unstressed control shows a

28
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FIGURE 5.2.1

i

FALS

Two parameter histogram of FALS
(horizontal dxis) versus DiOC. (3)
fluorescence (vertical axis) for

1yﬂ§hecytes exposed to 0.1x medium _

at 25°C for A) o min., B) 2 min.,
C) 10 min. -
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'population which has- a FALS (horizontal axis)

distribution which is narrow (confined to the left half

of the horizontal scale) and appears to be normally

distributed (the number of cells on each side of the

peak ' is approx1mately equal) ' The distribution of -

membrane potential'(vertical axis) in this population is

\,3 n

w1der and skewed towards the top end of the scale (more

cells have greater membrane potential)

Afthr a 2 minute exposure to stress (Fig. 5.2.1 B)

two subpopulations are evident: one'which is the same as
the control population, and one which has shifted to the
left on the horizontal‘axis (loss of FALS intensity) and
down on the vertical axis (loss of membrane potential);
The diagonal shift indicates that both parameters are

L4

changinq “simultaneously.‘ Loss of FAlS was therefore
4
coxnc1dént with loss of membrane potential.
By 10Am1n. of exposure (Fig. 5 2.1 ¢C) almost all

cells“show'decreased FALS and membrane potential. A few

32

cells, however, retain the. characteristics of -the

@ : \
original, unstressed population.

‘.'; Fig. 5 2.2 shows how volume changed w1th respect to

- membrane potential. Exposure at 0% is used to
illustrate these events, because the time scale is
expanded. After a 2 min._exposure to severe.stress at

0°c (Fig. 5.2.2 C) some cells had 10st membrane



3

DIOCs(3)
DIOCs(3)

Two-parameter hlstograms of volume
(horizontal axis) versus DiOC (3)

fluorescence (vertical axis)
lymphocytés exposed to 0.1x
‘medium for - A) 0O m1n .y B) 2 mln ‘.
C) 10 min., at 0°c.

FIGURE 5.2.2
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* .potential (shift down on vertical axis), but most of

these depolhrized cells had maintained isotonic volume

(hoiizontal axis) . 3y 10 min of exposure, most cells
had 1lost both-membrane potential and volume. ~Cells
which maintained volune were not depolarized.

. In summary, loss of FALS intensity was observed to
001ncide with: loss o; membrane potential. Loss of
vdlume; in contrest, - occurred following loss,_of
membrane potential,'and:is therefore a late event

following cell death.

5.3 'CHANGES DETECTED, IN SURVIVING CELLS

“

5.3 a) Effect of severg nyg gni tggss for ing;ggging

time, ' return to 1soton1c,
When exposed to very 'dilute. medium -(b.lx),
surv1v1ng lymphocytes showed decreased volume with

‘1ncrea51ng duration of stress at 25°cC (Fig. 5 3 1 A)

In contrast, when'stressed'at 0°C, surviving cells,

showed almost no ch;ngé“\n volume (Fig 5 3.1 B)
Surviving ’lymphocytes showed increased FALS

' intensity with increasing duration of stress at 25°C

(Fig. 5;3.2 a). In contrast,’lwhen stressed at 0°c,

- little change in FALS intensity was observed\(Fig; 5.3.2

b).

An increase in the intensity of 90LS with

¢
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increasing duration of dilution at 25°C 'was observed

(Fig. 5.3.3 A). The effect of dilution stress at 0°C on

90LS was less marked (Fig. 5.3.5 B).

Menmbrane potential-related. fluorescence of
survivihg cells indica£ed depolarization in response .to
dilution stress at both expefime tal temperatures (Fig.

5.3.4).
5.3 (b) Increasing Dilution for Fixed Time, Return to
Isotonic: o

‘ Changes;in volume and FALS characteristics observed
" after exﬁosure to stress and rieturn to an isotonic
environﬁent are shown in Fig.’s .3;5 and 5.3.6. For
both experimental temperatures,| the volume and FALS

curves are nearly mirror images |of each other. - When

dilution was carried out at 25%c, changes were not

évidentfin either parameter until the dilution exceeded,

0.8x. Exposure to more dilute medium resu¥ted in cell

—

shrinkage (Fig. 5.3.5 a) and increased FALS ‘intensity

(Fig. 5.3.6 a). Dilution at 0°%,.
Iittle change in either parameteim(Fig.s;S,BJS.b, 5.3.6
by. 1 . , )

. 90LS closely paralleled FALS (Fig. 5.3.7), but the
observed_ihcrease in 90LS intensi y at 25°C was less
than tnngncreasé observed in FALS ;ntensity at the same

temperature.

in contrast, produced
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A very gradual loss of membrane potential-related

A fluorescence wasu observed - with increasing dilution

‘stress when the cells were diluted at 25°C (Fig. 5.3.8

a) "In samples diluted at 0°c, membrane.potential

4 -fluorescence was very stable until dilution exceeded
‘..O.Sx,_ 0.4x, 0.3x, . and 0.2x dilutions resulted in

. hyperpolarization (Fig.- 5 3.8 b). Samples diluted in

>

Oilx ‘medium at this' temperature, however, ‘were

depOlariz"edf compared to the unstres‘sed control.
‘ ) ) / _ N ) et

&

5.'4' VOLUME REGULATION AND ASSOCIATED CHAﬁGES.
_In ‘ order to 1nvesti'gate volume regulation,.

lymphocytes were exposed to a relatively mild dilutlon-

»

‘s‘t-ress »(0 6x) -~ In this envnironment at least 80% of

lymphocytes retained membrane integrity ,at--:—both

N

experimental temperatures ( Fig. 5 1 2).

T e

Mild dilution at 25°C resulted in an 1mmed1ate,

rapid expansmn of the peak volume to a max1mum of

' approximately 130% of the isotoni’c volume w1th1n one

minute (Fig. 5.4.1. a) _' This was 1mmed1ately followed by

- a slower shrinkage phase, which resulted 1n the

A

attainment of volumes w1thin 5% of the :isotonic volume

by 6 min. after ‘the onset of dilution. :

.

w When the dilutlon was carrJ,,ed out on 1ce, a r.a_pidv'

swellinq phase ; was - observed ‘within the first » 1-}3' min.

L
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‘after dilution, after which the 1lymphocytes remained

"FALS (the shift in the distribution is both up g

- the left in Buccmpared‘tO‘A). As the d

4

swollen for the duration of the observation period. (Fig.
5"4.1 b)l

Fig. 5.4.2 shows that changes in FALS vere

changes in volume.

'approxlmately' equal but in .opposite direction to. the

Two parameter hlstograms of volume versus FALS ,

(Fig; 5.4. 3) show graphlcally how the changes in these
two parameters are related' Fig.ZS 4 3 (A, Bl shows that

:the increase in volume which occurred when cells were

stressed at 25°C was coincident with 'the decreas

stress increased beyond 3 min and=cells bega

back"towards isotonic volume, : these same cells ‘also
&

regalnéd "FALS 1ntensity (Flg 5.4.3 C).. The two

parameter display, however,‘revealS‘a subpopulation of

L

~cells which remained expanded and with reduced PALS.

~As ' in the previous stress prbtocol, changes in 90Ls
at both temperatures closely paralleled changes in FALS

LI ) [
The effect of mild dilution at 25°C on lymphocyte

' membrane potentlal was . not 1nvestigated because the

membrane potenflal dye Di0Cg(3) was observed . to

1nterferé§§;th the volume regulatory response.
. »

P
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CHAPTER SIX
DISCUSSION

9

/

. 2 ,
6.1 VARIABLES AFFECTING LYMPHOCYTE SURVIVAL IN }/

HfPOTONIC ENVIRONMENT. _ ‘

" The observation that mild dilution (0.5x - 0.3x).‘
was more detrimental Kt\:‘bx.\gells at 0°C_.than at 25°C §s in
agreement with the riesn;lts ‘of.Thorpe,' Kn'ight,\ Aand

¢

Farrant (1976), who found that removal of 10% DMSO by
dilut'ion in several volumes of isotonic medium with
added serum 'w.az-s'i *ch moret"l';armful to mouse 1y1ﬁphocytes
when performed at 0°Cc thanat 25°C, eVeﬁ in unfrozen
cells. ‘This work is the basis of the recommendation
that post-thaw dilut‘ion of cryoprotectants . be carried
6Ut atijoom temperaturg or above (Farrant, 1980)-. -

The observ:-:\tion that extreme dilution (0.1x)
was more detrimental to lyﬂphoc“ytes‘ at 25°C than at 0°c

suggests that the mechanism of cell damage may be

‘di'f.ferent""i.‘n""the two tonicity rahges. - or,

%lternatiVely, ‘a change in fluidity associated with a

membrane lipid phase change could aécount for the
difference observed between 0°C and 25°c..

It also suggests that the .reco‘mmendation to carrj out

the post-thaw di'luti‘on step at room temperature is phly.

practical .if it is carried out slowly or in a stepwise

‘manner, 'sp as to ;ninimi'ze the dilution stress_. - I1f,

however, as is very frequently the case, the dilution is h

50



carried out rapidly in one step,. it should be done on

ice inetead~of at room temperature.

Thompson, Bull and Robinson (1966), in examinihg\
the pathogenesis of cell deqth as a result of gxposure
to hypotonic ‘solutions, identified two distinct
processes which led to cell death. Both occurred at the
same temperature; One process occurred principally by
membrane rupture with release of. ‘a relatively normal
nucleus, whereas the other was characterized by pyknotlc

.-

nuclear degeneration, with membrane rupture as ‘a

secondary event.

Schrek‘ et al. (1980) described two distinct
processes 1eading ~to cell death as a result of
hyperthermia: Ypyknotic death", in which the hucleus
shrjinks - i‘n size and the chromatin condenses, and

"condensation." Pyknotici death occurred at

temperatures between 37°c and 42°C, whereas condensation

occurred above 42°cC. |
Two distinct morphoiogical patterns of cell death in

general have been identified, and have\been found to

occur under different circumstances (see review by

Wyllie, et al., 1980).

In 'coag‘aetive;_necrosis, a critical event takes

'place whereby cellular volume homeostasis is lost.

Swelllng precedes rupture of the plasna fnd organelle

‘membranes and complete loss of organlzed structure.
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Coagulative necrosis is characteristically the result of

gross environmental perterbation by agents such as
texins, majpr changes in \environmental temperature

complement mediated (lysis, and severe hypoxia." It is

generally agreed that initialwalterations in membrane

'permeability ‘reversible, but that eventually

increases in-the intracellular levels of certain

constituents such as CaZt-nmy result in damage to the
s . _

mitochondrial respiratory apparatus.

-
The other morphologlcal pattern has been called\
shrinkage necrosis (Kerr, 1965; 1971) and apoptogla

(Kerr et al., 1972). It is characterized: by

L

condensation of the cell with maintenance of organelle

integrity. Surface protuberances, or "blebs" form and

separate as membrane bound apoptotic bodies. The

nuclear outline‘becomes abnormally convoluted and later,

grossly indented. The cytoplaam condenses, and
organelles,‘are crowded together. Translucent
" cytoplasmic vacuoles are freqnently associated with the
overall cytoplasmic compaction.

Apopt051s is assocxated with focal deletion of
cells durfng no;hal embryonic development and
'metamorph051s, and occurs spontaneouely in growing
neoplasms:. It is also the pattern.of death indnced by
radiation, cytotoxic cancer-chemotherapeutic: drugs, and

cell mediated immune responses.
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6.2 CHANGES DETECTED IN LYMPHOCYTES ASSOCIATED WITH

LOSS OF MEMBRANE INTEGRITY. .
Flow cytometry has the potential to provide new

information about the process of cell death. The

sequence " of changes in 1light scatter. and fluorescence
which are observed as cells die can be guantified -for an
entire population of cells.

‘ Gross changes to cell organélles, such as pyknosis;
nuclear: convoluf.ion, or the appearance of cytoplasmic
vacuo.l'es would be expected to result in measurable

changes in 90LS intensity. An increase ' in 90LS

~ intensity might be observed in the early stages of

nuclear condensation. Further . condensation, if’

accompanied by shrinkage of the nucleus, inight result in
a secondary loss of 90LS intensity at the time of cell
deatlr.

t .
Unfortunately, it was not possible to investigate

the 90LS characteristics of dying cells in _ﬁhis study.

An electrical noise problem was present in-;the 90LS PMT.

on the EPICS V flow cyto;neter.' This noise was

eliminated, however, when 90LS was gated on the FALS
associateé | vjithb surviﬁing c_ells, alldwing - the
o_bsérvations in the next section (6.3) to be'made.

The observation that as cells die, membrane

potential is lost as FALS decreases is not surprising,

since loss of FALS is known to be correlated with loss

53
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of membrane integrity.

».

A decrease in FALS argues against the possibility

of apoptosis as the mechanism of cell death as a
consequence  of hypotonic stress, since the development
of surface blebbing associated with apoptosis' would be

~

expected to cause increased FALS.

The observation that volume'iiapeduced seccndary to

loss of membrane integrity is at least paftly due to the

pendency of accurate electrical sizing on differences

-

between the electrical re51stivities inside and outside

—
of the cell (Grover et al., 1982a).

6.3 CHANGES IN FLOW CYTOMETRIC PARAMETERS DETECTED INA

SURVIVING CELLS.
The effects of hypotonic stress were described for
cells which retained membrane integrity. A common

feature of both stress protocols was that sQrviving

cells had reduced volume and increased FALS intenéity

when stressed at 25°C, but not when stressed at 0°cC.

FALS and volume change in opposite directions in

response to movement of water both out of cells (McGann,
Walterson and Hogg, 1987) and into cells, as shown in
this study. Expansion of cell volume could*result.in a
.decrease in the amount of 1light scattered either by
changing the refractive index of the“cell, or by
‘smoothing surface‘pfajections. QQLS is not helpful in

distinguishing these two possibilities, since changes in
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90LS paralleled changes in PALS.

Loss of volume indicates that during exposure to a
_hypotonic environment, lyn\iﬁocytcu lost intracellular
ions. When returned to isotonic cond-itions, more water
was obliged to leave the cell than entered during
osmotic swelling in order for osmotic equilibrium to be
reached. :

Whether loss of jons vas due to a generalized loss
of. selective permeability or due to changes ‘-in
permeiilities of specific ions 1is difficult to
. ascertain. Evidence for a chan *ih permeability to
specific ions, as-'would occur . a volume regulatory
respo;se, is found in the observa®™ion that loss of
volume was not observed in lymphocytes stressed at, 0°C‘.
Lymphocyte volume regulation does not occur at 0°c
(Grinstein et al., 1984).

The obs"e.rvation that dilution in 0.8x medium
constltuted a threshold for volume and light scatter
changes after stress also supports speclflc changes in
permeabllity ‘associated vlth the volunme regulatory
response. When exposed to. a solution of "this
osmolality, lymphocytes initially swell to 1 19x' their
isotonic volume (Law et al., 1983). The volume
expansioh threshold to trigger the opening of the Cl
ion pathway is 1.15x the 1soton.ic volume (Sarkadi et

“ -al., 1984a). In 0.9x medium, the chloride pathway is

“,
P
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not open, aﬁp cells “éb nog experience increased.
permeability to Cl7 ions during a five minute exposure
to this medium.

In addition to .being reduced in volume, cells also
became increasingly depolarized with increased duration
of. exposure to severe (O.EX) .dilution at both
| experimental temperaturee, andeith increesino severity
-of dilution beyond 0.7x at 25°c. Depolarization was not
evident im celis exposed to solutions less dilute than
0.2x at’ 0°c. " - .

Depolerization could result from an increase in Na®

permeablllty, or from a 1oss of intracellular K' and

resultlng reductxon 1n the K' equilibrium potential.

.t“

Alternatlvely, d%pglartzation m;ﬁht%§ indicate a
L EEREL L e
generallzed loss of“seleutxﬁ ‘

, "habT&itwy 'Thxe*early
I A

. a f.; L .,';7' L ¥, x, i &'.':‘H.“ C R ’
depolarlzatlong»fpneceeding%@loss of Eﬁ;

- . .

X, M u‘. }

. S
1nd1cat1veﬂof early aﬁé revérsibleiﬁ

6.4
The ob
volumes duri%

‘s :
';=4ay.,.1982) Use - df a flow ¢ytometer to

1nvestiga%’ u”s phenomenon allowed simultaneous
measuremeqﬁ be made of volume and light scatter.

scatter corresponding to volume changes

‘llght scattered in both forward and

g
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exhibit a volume regulatory response.

Vlymphocytes (Ben-Sasson et al., 1975)>,' and have "been’

\ ; .

orthogonal (90°) directions. 'I‘his means that volume”
vregulating and non-volume ,regulating cells can be
" distinguisﬁed by up to three’ intrinsic parameters using

‘a flow cytometer. R S T

3»

’ This study confirms the observations of Cheung et

(1982) that a subpopulation of cells remains swollen.

4

: during volume regulation 1n hypotonic medium. By .

\

. examining the volume responses of pure populatlons of B ,:li_

‘lymphocytes, Cheung et al found that B cells ‘do n‘bt

‘«L
-

.vIt» is p0551ble | that differences between

—

gsubpopulations in ability to regulate volume in a,

@
hypotonic env1ronment may be correlated w1th differences

in susceptibility to hypotoni‘&: stress. Murine B cells

-are more re51stant to hypotonic damage than - 'I‘ -cells

(Strong et al 1975) B Human B»cells do not- exhibit-

‘volume regulation (Cheung et al 17952) Lymphocytes

from leukemic patients : have been , found to ‘ have

‘

diminished volume regulation compared to norm‘a,l'

‘ _found by several 1nvest1gators to be moré” resistant than
normal cells to hypotonic stress (Westring and Britteu, )

, 1968, 'I‘hompson,v Robmson ‘and Wetherly—nein, 1966 and’

"'Storti and Pederzini 1956) LN LT

That the \two propertl//might be fu onally

related in some- way s”uggests that 1nterfer1ng w1th the _'
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capacity of a <cell to regulate its volume rfn hypotonic
médium might confer increased resistance to. hyptonic
stress, and warrants: further investigation. T ~
The physiological significance of volume regulation
in lymphocytes remains obscure, since the deviations

from isoosmolality j.n vive are sma'il compared to the

range oi conditions under which lymphocytes are able to
-maintai ~volume ,m \_r_;;_r_g (Pollock and Arieff, 1980) .

It is . passible that- there is no functional
significance to volume reg'ulation'. vChangesf in x*

2+ are’ common “to both

permeability andvmediation by Ca
volume regulation and lymphocyte agtivation in response

to, antigens.’. Phys1cal changes in" the lymphocyte

‘membrane occurrgxg during swelling might mimic e¢arly

membrane changes during_ antigenic stimulation, : leading

-to increased Kkt permeibility; ., In a hypotoni.c

enVironment the conser.nce is loss of volume

58 .

The observations that different cell types vary: i%w o

the extent to which they regulate their volumes when‘
exposed to mild dilution, and that the volume regulatoryv

response is affected by 't'e”mperat.ure, have '_j{ﬁg;tantv‘

implications for cell separation t'e?chnology Exposure

to ‘a -m‘i\ld'*‘dilution .could, ﬁéfr instance,. allow

elutriation by counterflow centrifugation of cells which

‘are OthEI’W%lﬂdLStlthlshable by volume alone.
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L ' CHAPTER SEVEN

< " CONCLUSION
o

PFects of  exposure to a hypotonic environment

on hum-

| cytometry 'There'~wete four areas of focus:' factors

effecting lymphocyte survival changes associated with

cell death changes associated with cell survival, and

'lymphocyte volume regulation.

 Exposure to severe dilution was found to be more

.detrimental to lymphocyte survival at 25°C than at 0°c.
B \\ ’ . ‘ ’
Exposure to less dilute solutions, however, was more

. ‘detrimental at the lower'temperature, suggesting that

two dlfferent mechanlsms of cell death may be 1ngolved.

hlymphoCytes were characterized by flow,

Cell death was characterlzed . by loss of FALS

iﬁten51ty accompanled"bylfloss of membrane potential.
Loss of cell volume was observed as a late event.

Lymphocytes which survived a dilution stress showed
\\

lﬁevidence of loss of 1ntracellu1ar ions. Two ‘hypotheses
to explaln thls observatlon are proposed° that ions are

lost durlng volume regulatlon, or that ions are lost as

permeablluty Ev1dence presented here favours the former
hypdthe51 . | |
Lymphocytes were observed to. regulate thelr volumes

in mypdtqnic medium at 25°C but not - at’ 0°C At %

_the Higher temperature, a subpopulatlon 'was observed

| Do ’t . . ' , Y
Y ‘a il . N
»

v . . . v
. y
P . S ’ :
. . T, <
N .

-

s
.

, a result(of éarly, perhaps reversible, loss of selective‘



whicﬁ did not regulate volume. It is suggested that a

50

relatioﬁship may exist between the ability of cells to

regulate volume in.‘a hypotonic environment ‘and
'susceptibility to hypetonic stress.
’ t In conclusion, - hypotonic stress is nctf a simple

environmental perturbation which either leads to cell

lysis or leaves cells unchanged. ‘As these,results show,

. Y .
hyptonic stress exerts'acompound - influences on

lymphocytes which are different at’ .different

temperatures, whlch may be passive or physiologicalkﬁhnd‘

which selectlvely effect certain subpopulations‘of'

.cells.' Flow cytOmetryvprdvidesxa useful tool with which

to examine the sequence of events which occur when cells

‘are challenged by altefations to the environment.
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APPENDIX A

i

'DETAILS OF DILUTION AND CORRECTION SOLUTIONS |

USED IN PROTOCOL 4.2b.

The protocol for' preparation of solutidps of

variable tonicity (30 - 300 mOSm/kg), and'of the .

appropriate solutions for correction to isotonic (300

mosm/kg) is presented in Table I.

TABLE I. Protocol for dilution of cells in media of
variable hypotonicity and correctien to isotonic.

10 x PBS . Distilled Tonicity

. . of ' . of

(p1) Water (pl) ‘ Dilution

Medium
4 . : (x isotonic)

90 - 810 1
80. 820 0.9
70 _ 830 0.8
60 840 0.7
50 850 5 0.6
40 . 860 4.a 0.5
* 30 ’ 37oé% en 0.4
20 880 0.3
10 : 890 0.2

0.1

0 900 -

To each 900 ul of medium was gdded 100 pl of cell
supension in 1x mgdium at 20 x 10° cells/ml.

100pl of the @ppropriate hypertonic medium necessary
to correct the#fbnicity are added to 1 ml of the
hypotonic celﬁéifspen51on. - The final tonicity is
isotonic. For ample- the sample which was originally
'0.6x, upon addition .of 100 pl 'of 5x solution, consists
of 50 + 10 +%50 = 110 pl of 10x PBS in a total volume of
1100 ul. g

C
| e
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APPENDIX B
FLOW lCYTOMETER SPECIFICATIONS‘
The following are the specificatidns for laser
power, laser wavelength, filters, gain,‘and PMT voltage

used in this study.

1. Laser Voltage The laser power was maintained at 500

mW for all experiments.

2. Laser Wavelength The wavelengtﬂ,of coherent light
‘»egitted by the -laser was 488 nm.

3f§Eilte; Setup The filter setup used in this study was
as follows: 488 nm dichfoic filter at 45° to the FALS
detector, 457-502 nm laser blocking filter at 90° to the
path of light, 550 nm long pass dichroic at 45° to the
green fluorescence detector (used for meﬁbrane,potential
related fluorescence), and a 525- nm bandpass .filter
directlyrin;front of the green detector.

4. Gain and High Voltage Sétgings,Details of the gain
- and high voltage settings used for each PMT are

presentéd in Table 1II.
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TABLE II. Gain and high voltage settings applied to’
each detector. ' :

Detector Parameter ‘ Gain High Voitege
' : (mW)
PMT1 FALS | 10 -
- PMT3 - .green fluorescence 20 700-800

(membrane potential)
PMT4 90LS R 650

cva ~ volume 5 -



APPENDIX C
MEMBRANE POTENTIAL CALIBRATION

Diocs(g) fluore§cence was tested for respénse to
membrane ﬁ@tential by exposing lymphocytes to varying
extracellular concentrations of K' and by- the, use of
valinomycin, a k' ionophbre.

1. Methods

Isotonic solutions of PBS and KC1l with‘phosphate
buffer were prepared. The molar constiuents of both are
listed in Table III. The osmolarity of both solutions
was determiﬁed, using a freezing point depréssion
osmometer (Precision Systems Osmette), to be 290 +/- 4

mosm.

TABLE III: Composition of Isotonic PBS and KCl/%olutions'

e
. L ]

Solution: » , 1x ‘PBS . 1x KCl
(mMolar concentration)

Nacl | 136.9 8.0
Na,PO,.7H,0 ' o . 8.1 o 8.d
‘Total Nat~ : 1 153.1 24.2
.02 N 2.7 155.0
. &ﬁ‘u— W d .
KH,PO, o B 1.5 0
Total K* B ' 4.2 155.0
) S
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The two solutions wer'es hmixed' in the relative
proportions 100/0, 75/25, 50/50, 25/75, and 0/100, to
yield isotonic solutions with concentrations of ionized
Na* and kKt as-shown in Table 1V.

&

'TABLE IV: Concentrations of Na+ and K' in solutions used
in the calibration of membrane potential.

Proportion PBS/'KC]. N:—.\e+ - Kt
160/0 153.1 Y
75/25 © 120.9 L a2.0 &
50/50 88.7 Y96
25)75 56.5 127.3
: 0/100 24.2 15‘5.oa

, Lymphocytes were incubated-in the above solu'tién’s‘

¥

in the presence of 100nM DioCg(3) for 30 min.- in thé

dark at room temperature. " .

Valinomycin was prepared in DMSO and. added to- |

achieve a final concentration of 10 pA.
1
Fluorescence data was collected using 1linear

. inteégrated green fluorescence gated on FALS and volunme.

2. Results . ,
Depolarizing cells by increasing ,extracellulgr"’.zl(f

while ke'eping the total osmolality of the solution

. , o
. constant resulted in decreased fluorescence intensity

-

o



3(Fig$.~hpp C)u “ﬁ%dinomycin' produced increaSedrﬁ>“.

‘fluorescence in low K medium. The extent of the

increaee ‘in ‘fluorescende intgnslty produced by‘

valinomycin decreased ‘esftthe extracellular K+
concentration increased.‘ a L _

These results indicate that Di-o-c5(3) reports

membrane potentiai at the dye and cell concentrations

used in these e%periments. . o ,*' B ",;5
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. “‘- APPENDIX D
 VOLUME AND FALS CHARACTERISTICS OF LIVE AND, DEAD CELLS

Fluorescein diacetate (FDA) and ethidi\im bromide :

(EB) wefe used as indicators of membrane integrityi

(Rotman and Papermaster, 1966) . FDA is a nqn-
fluorescent, lipophilic compound which traverses the
plasma memi:'rane egsily %ncg’ inside the cell

electroneutra‘l -est;.xs ﬁq*ﬁrapidly h‘ydrolysed by
esteraSes . The negativﬂy charged flud'“rescein molecule

is highly fluorescent anionic', ' and does not i‘eadily

(

cross the cell membrane +AS . 1ong as 'the membrane is .

 intact, fluorescein leaves the cell only very slowly in

g 5o
comparison to the rate of try of FDA. Fluorescein

»fluorescence is therefore 1ndicati’ve of both membrane

; integrity and enzyme agtivity.

Ethidium bfomide, EB (2,7 diamlno- o-ethyl 9-pheny1 -

&

+ .‘;‘J ’
m‘& o Et_hidﬁiqﬁ bromide, 1n 7gon’(:rast: does not penetrate ,

- intact membranes, and is used’ to demonstr\_te loss of -

membrane 1ntegr1ty. v Once ins1de the cell, 1t complexes

-.Wlth double stranded nucleic acids by 1ntercalat1ng

between base -pairs (LePecq and Paoletti 1967,)

jphenanthridium Q’Sigma) WA pr_pared asc@a 2*5 x 1074 =2

_‘stock solution in ethanol and stored 1n the dark at 4°C. o

ek
'This stock solution Was dilu%*l,/ibua, v/w; w1th PBS to
\&3 e '

e -2
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in the cell suspenision was _25 pm.

Fluorescedn -diacetate (Molecular Probes) was

prepared as a 1 x 1074M stock solution in acetone and

stored at -10°C The working solution was prepared as
. for EB and the final concentration of FDA in the cell
suspen51on was 10 pM

2. Results (Fig. App. D)

Positive FDA fluorescence in unstressed samples

i

]

B was assoc1ated with high- intensity FALS.

Posxtive EB fluorescence, - in contrast, was

associated with reduced FALS.. Cell volumes in EB+

. populﬁations werejmore widely' distr-ibuted ‘thavn in FDA+

'populations ’ .
‘ The results 1n ri%. App D. illustrate how a gating
w1ndow couid hs defined “based on FALS to discriminate
'between live and dead cells. '
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FIGURE APP D Two parameter histograms of FALS (honzontal
- axis) versus volume (vertical axis) for# - /
lymphocytes exposed to 0.4x medium for 5 m1n. l

’ -at 259¢ . a) Gategyon positive FDA .
E ! fluorescence. B) Gated on positive EB.- «f§ - _
B - fluorestence. ' The dotted line indicates-vhere a®
"~ .+ - FALS gdte wOuld be placed to exclude d -cells.
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