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1. The aim of the present work was to investigate cell-to-cell variation in anion exchange
turnover in normal human red cells. Red cells permeabilized to protons and K* dehydrate
extremely rapidly by processes that are rate-limited by the induced K* permeability or by
anion exchange turnover. Conditions were designed to render dehydration rate-limited by
anion exchange turnover. Cell-to-cell variation in anion exchange function could then be
measured from the distribution of delay times required for dehydrating cells to attain
resistance to haemolysis in a selected hypotonic medium.

2. Red cells were suspended at 10% haematocrit in a low-K* solution and, after a brief pre-
incubation with 20 gm SITS at 4 °C, were warmed to 24 °C, and the protonophore CCCP was
added (20 pm) followed 2 min later by valinomyein (60 gm). Delay times for cells to become
resistant to lysis were measured from the instant of valinomycin addition by sampling
suspension aliquots into thirty volumes of 35 mm NaCl. After centrifugation the per cent
lysis was estimated by measuring the haemoglobin concentration in the supernatant. Typical
median delay times with this standardized method were 4—5 min.

3. The statistical parameters of the delay time distributions report the population spread in the
transport function that was limiting to dehydration. In the absence of SITS and CCCP,
dehydration was limited by the diffusional C1™ permeability (Py). Delay time distributions
for P- and anion exchange-limited dehydration were measured in red cells from three
normal donors. For both distributions, the coefficients of variation ranged between 13-0 and
15:2%, indicating a high degree of uniformity in Py, and anion exchange function among
individual red cells.

The present work is part of a more general study of cell-to-
cell variation in the activity of red cell membrane
transporters, for which only mean population values are
available. The importance of such studies has come to light
in recent years from the realization that minor functional
differences among red cells, of no apparent physiological
significance, may influence the response of individual cells
to pathological stress and ultimately determine the
abnormality of volume, shape or lytic susceptibility of each
cell. The relevance of variable transporter expression in
reticulocytes to the generation of mature red cells with
diverse abnormal densities was recently demonstrated in
sickle cell anaemia (Bookchin, Ortiz & Lew, 1991; Lew &
Bookchin, 1992). In normal red cells, gradual increases in
uniform Ca’™ permeabilization were shown to generate
extremely heterogeneous Ca’* distributions (Garcia-Sancho
& Lew, 1988). Most haematological disorders affecting red
cells are associated with characteristic heterogeneities in

their morphology, function or life spans. To distinguish
whether the origin of these heterogeneities is in stochastic or
deterministic factors, we must obtain information about the
variability among cells. Only then can hypotheses on
possible mechanisms for diverse cell responses to similar
perturbations be formulated.

We describe here the development and application of a new
method to measure the distribution of anion exchange
activity among red cells. The anion exchanger, with about
10° copies per cell, is the most abundant transport protein
in the red cell membrane (Cabantchik & Rothstein, 1974).
In the body, it mediates an electroneutral 1:1 exchange of
ClI” for HCO,", essential for the transport of CO, from
tissues to lungs (Gunn, Dalmark, Tosteson & Wieth, 1973).
Anion traffic through the exchanger is about 10® times faster
than the cation traffic through all the combined cation
transporters, and about 10* times faster than the diffusional
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anion traffic, thought to represent conductive Cl™ transport
through the exchanger (Vestergaard-Bogind & Lassen, 1974;
Knauf, Fuhrmann, Rothstein & Rothstein, 1977; Gunn,
1978; Knauf, Law & Marchant, 1983; Frohlich, 1984). The
distribution of diffusional Cl~ permeabilities (P) in normal
human red cells was recently investigated by Raftos,
Bookchin & Lew (1996) in populations of K*-permeabilized,
dehydrating red cells, by following time-dependent changes
in the profile of haemolysis curves, as they migrated towards
lower tonicities. The methodological limit in their estimates
of profile invariance was 7:5%, and the results fell within
this limit, suggesting a high degree of uniformity in F,.
However, the ‘profile migration’ method used in those
studies cannot be readily applied to the investigation of the
distribution of anion exchange function, because the time
course of cell dehydration limited by exchanger activity is
too fast for lysis curve sampling. The method developed and
applied here measures the distribution of ‘delay times’, the
time needed for a cell to reach a critical dehydration stage,
which is the same for all the cells, under conditions in which
dehydration is rate-limited by the activity of the anion
exchangers in each cell. As with P, the results showed a
high degree of uniformity in anion exchange function
among normal human red cells. The method also helped to
establish the validity of a predicted statistical correlation
between critical haemolytic volume and osmolyte content in
populations of normal human red cells (Lew, Raftos, Sorette,
Bookchin & Mohandas, 1995).

METHODS

Principle and design of delay time method

Preliminary simulations with the Lew—Bookchin red cell model
(Lew & Bookchin, 1986) indicated that red cells suspended in low-
K* solutions and permeabilized to both K* and H* would
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dehydrate extremely fast, with cell volumes decreasing by 20%
within 2-3 min (Fig. 1). Analysis of model data, partly confirmed
by earlier observations, showed that under such conditions K*
efflux is accompanied by rapid H* influx driven by the highly
hyperpolarized membrane potential (Macey, Adorante & Orme,
1978). Cell HCO,™ ions, lost by buffering the incoming HY, are
replaced by extracellular HCO,™ that enters the cell through the
anion exchange protein in exchange for cell CI” (Wieth, 1980). The
result is a rapid efflux of KCl and water limited by the induced K*
or H* permeability or by anion exchange turnover.

When experimental conditions are set to make anion exchange the
predominant rate-limiting process, any significant difference in
anion exchange turnover among the cells should affect their
velocities of dehydration. Such differences may be detected by the
spread of delay times for cells to reach a selected dehydrated state
from an initial common condition. The selected dehydrated state
may be exposed by the extent of haemolysis occuring in a fixed
hypotonic medium, as done here, or by density separation through
a fixed density layer.

Human red cells can be permeabilized to K* and H* by exposure to
valinomycin and to the proton ionophore carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) (Macey et al. 1978; Wieth,
1980). In Fig. 1, the red cell model (Lew & Bookchin, 1986; model
available in source code or compiled version on request) was used to
illustrate the predicted cell volume changes that occur during
dehydration in the presence of CCCP and valinomyecin, and during
subsequent hypotonic shock. Initially, H" ions are at electrochemical
equilibrium across the cell membrane, so that CCCP has no effect on
their distribution. Addition of valinomycin triggers rapid de-
hydration, shown as the decrease in relative cell volume (V/V°,
where V° is the cell volume before the commencement of the
ionophore-induced dehydration). At 1 min intervals after the
addition of valinomycin, cell samples are mixed into the selected
hypotonic saline, causing a sudden rise in relative cell volume. The
cells sampled at 1 and 2 min rapidly reach the critical cell volume of
V/V°® of ~1-7 (Ponder, 1948) and lyse. At about 3 min after
valinomycin addition, the cells have dehydrated to V/V° of ~0-77,
and they no longer lyse in the hypotonic medium, since they have

1-8 - Figure 1. Predicted red cell volume after treatment of red
Lysis, V/V° =17
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cells with CCCP and valinomyecin, and during measurement
of delay times to haemolysis protection

Simulations were based on the Lew—Bookchin red cell model (Lew
& Bookchin, 1986). A 10% suspension of red cells in low-K*
medium is incubated at 24 °C. Addition of 20 um CCCP and 60 um
valinomycin was modelled by increasing the membrane
conductances for H* and K* to 10" and 80 h™, respectively. To
approximate the change in conditions as 50 ul of the suspension is
mixed with 1:5 ml of hypotonic saline (at 1, 2, 2:8 and 3 min), the
ionic composition of the extracellular solution in the model was
reset to 35 mM NaCl and the haematocrit was reduced to 0+3 %.
Lysis occurred when cells reached the critical haemolytic volume
(set at V/V° = 1-7). In addition to osmotic re-equilibration of
water, the volume changes predicted by the model for the cells
exposed to the hypotonic saline result from: (i) minor reductions in
cell osmolytes during prelytic swelling, due to loss of HCI through
the Jacobs—Stewart mechanism (Lew & Bookchin, 1986) driven by
the outward Cl™ gradient in the hypotonic saline, (ii) continued net
KCl loss, and (iii) reduction in the osmotic coefficient of
haemoglobin by its dilution. The proposed pathway for HCI
cotransport through the band 3 protein (Bisognano, Dix, Pratap,

Novak & Freedman, 1993) has not been incuded in the model.
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lost enough osmolyte (mostly KCl) to equilibrate in the hypotonic
medium without swelling beyond their critical haemolytic volume.
Furthermore, once these cells escape lysis initially, they continue
to dehydrate in the hypotonic medium (note the downward curving
in the relative volume of the unlysed cells in Fig. 1). This ensures
no subsequent lysis of the cells that did not lyse instantly, a
convenient feature which allows delayed centrifugation of samples.
Therefore, for the separation of dehydrating cell subpopulations,
lysis methods have a crucial advantage over density separation
methods which require immediate centrifugation of samples, a
procedure incompatible with a high frequency of sampling.

The model simulation in Fig. 1 represents the predicted volume
response of a single cell (or a population of identical cells under
uniform initial conditions); i.e. an abrupt change from 100 to 0%
haemolysis with a delay time of about 2'8 min. The volume
response of the model cell is determined by three parameters:
protonophore- and valinomycin-induced H* and K* permeabilities,
and anion exchange turnover rate (Wieth, 1980). In a population of
real red cells, differences in initial osmolyte contents, volumes and
membrane areas will also affect the delay times of the individual
cells. Therefore, interpretations of observed delay time distributions
must distinguish between effects of initial cell differences and those
resulting from variations in their anion exchange turnovers (see
Discussion for analysis).

It was important to choose a hypotonic (lytic) NaCl solution of
osmolality Cp that would expose intercellular differences in the
rate-limiting parameter. On the one hand, differences in dehydration
states among cells, reflecting the heterogeneity of dehydrating
velocities in the cell population, need time to develop. However, on
the other hand, as the cells approach maximal dehydration,
differences in their rates of dehydration are no longer detectable.
Analysis of model predictions and preliminary experimental results
indicated that the crucial compromise in the choice of Cp, for a
standardized delay time assay was between: (i) good spread of
delay .times, which increases with time, (ii) reduced mean delay

Figure 2. Delay time curves for valinomycin-treated red

cells in the presence and absence of CCCP
A 10% suspension of fresh red cells in the standard low-K*

solution (see Methods) was divided in two; 20 uMm CCCP was added
to one suspension, and 60 M valinomycin was added to both, at
time zero. Timed 50 ul samples were then mixed with 1:5 ml of
35 mm NaCl and, after centrifugation, the percentage haemolysis

measured. The curves were drawn by hand through the

experimental points. The median delay time at 50 % haemolysis
was 2:8 min in the presence of CCCP (0), and 39 min in its absence

(@)
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times, to minimize the influence of factors other than the
performance of the rate-limiting transporter on cell dehydration
rates, and (iii) convenience for high frequency sampling, to ensure
accuracy in the measurement of the integrated curves, the
derivatives of which provide the delay time distribution curves. A
Cy, of about 70 ideal mosmol kg™ (35 mm NaCl) fulfilled these
criteria adequately, and was chosen for the standardized assay.

Preparation of red cell suspensions

Heparinized venous blood was obtained from healthy, unpaid
volunteers, after they had given their written consent, and the red
cells were washed 4 times and suspended to a haematocrit of 10%
in a pH 7-5 solution containing (mm): NaCl, 150; KCl, 2; Hepes-Na,
2; EGTA, 0-1; NaHCO,, 1; and 120 units ml™ carbonic anhydrase.

Measurement of anion exchange-limited and P,-limited
delay times

As described in the Results, initial experiments showed that anion
exchange-limited delay times could be achieved by pre-incubation
for 20 min at 4°C with 20 um SITS (4-acetamido-4’-isothio-
cyanatostilbene-2-2’-disulphonic acid) (Cabantchik & Rothstein,
1972). The suspensions were then warmed to 24 °C with continuous
stirring that was maintained throughout. The ionophores CCCP
and valinomycin were dissolved in DMSO. Two minutes after
adding 20 gm CCCP, 60 uM valinomycin (suspension concentrations)
was added to initiate cell dehydration. For Py-limited delay times,
CCCP and SITS were omitted.

After addition of valinomycin (time zero), 50 ul samples of the
suspension, taken at the intervals indicated in the figures, were
mixed immediately into 1-:5 ml of 35 mm NaCl. After centrifugation,
the supernatant haemoglobin concentration was measured spectro-
photometrically as cyanomethaemoglobin, and the percentage
haemolysis, relative to the 100% haemolysis values obtained
immediately after valinomycin addition, was plotted as a function
of the sampling times to generate the delay time curves (see Fig. 2).
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RESULTS

Conditions required for dehydration to be rate-limited
by anion exchange

An initial series of experiments defined the conditions under
which cell dehydration induced by the combined action of
CCCP and valinomycin was rate-limited by anion exchange.
In the presence of CCCP, dehydration was extremely rapid
(Fig. 2, O), so that after the addition of valinomycin the
median delay time, when haemolysis was reduced to 50 %,
was 2:2 + 0:4 min (mean % s.p. with n = 4 different donors).
When cells were exposed to 60 gm valinomycin without
CCCP, cell dehydration was rate-limited by P (Hunter,
1977; Freeman, Bookchin, Ortiz & Lew, 1987; Raftos et al.
1996), and was much slower (Fig. 2, @). Haemolysis
protection began about 20 min after valinomycin addition
(Fig. 2), with an average median delay time of 387 +
1:2 min (n = 4). If bicarbonate and carbonic anhydrase were
simultaneously omitted from the incubation, median delay
times for cells treated with both CCCP and valinomycin
increased markedly to 5:6 + 16 min (rn = 2; not shown), as
expected from the contribution of anion exchange to the
dehydration. Corresponding changes in the rate of pH
equilibration in the absence of bicarbonate and carbonic
anhydrase were observed previously by Wieth (1980).

The next series of experiments measured the effects of
varying concentrations of valinomycin, between 8 and
120 pMm, on the delay times of the cells in the presence of
20 pm CCCP. With increasing concentrations of valinomycin,
there was a gradual decrease in the delay times for all the
cells, as seen by the left shift in their delay time curves
(Fig. 3), until a saturating concentration of valinomycin was
reached at 60 pMm.

Taken together, these results indicate that both valinomyecin-
induced K* permeability and anion exchange contributed to
the dehydration rate. To make anion exchange rate-limiting,
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its activity had to be reduced without introducing spurious
heterogeneities among the cells. Pre-incubation of red cells
for 20 min at 4 °C with increasing concentrations of SITS
progressively increased the delay times (Fig. 4).

Model simulations were carried out to determine the
concentrations of SITS required for anion exchange to be the
main rate-limiting factor for cell dehydration, with minimal
contributions from K* and CI~ permeabilities. Model
parameters for electrodiffusional CI” and K* permeabilities
(P and Py) were set at measured Py, (Fig. 6; Raftos et al.
1996) and maximal valinomycin-induced Py values (Fig. 3).
We then asked what the average delay time should be for
cells to attain haemolysis protection in a medium of 35 mm
NaCl so that the combined contribution of K™ and CI™
permeabilities to the limitation of cell dehydration rate was
kept below 5%. Model simulations showed that a mean
delay time within 4-7 min satisfied these constraints, and
the concentration of 20 gM SITS was chosen accordingly.

To determine whether SITS binds and inhibits anion
exchange uniformly in the cells, a suspension was divided
into three aliquots which received either 66 um, 33 uM or no
SITS. After 20 min incubation at 4 °C, equal volumes of the
SITS-free suspension and the suspension with 66 gM SITS
were warmed to 24 °C and mixed for 4 min before the
addition of CCCP and valinomycin. The delay time curve for
this mixture was indistinguishable from that of a
suspension pre-incubated with 33 um SITS (Fig. 5). Both
curves were smooth, with no suggestion of the bimodality
expected if the distribution or effect of SITS was hetero-
geneous. Since SITS is water-soluble and, under the
incubation conditions used here, inhibits the anion exchange
by non-covalent binding (Cabantchik & Rothstein, 1972), its
rapid redistribution was not surprising. These results show
that SITS can make anion exchange rate-limiting for red cell
dehydration under these conditions, without itself changing

Figure 3. The effect of valinomycin concentration on the
delay times of red cells treated with CCCP

A 10% red cell suspension in the standard low-K *solution,
containing 20 um CCCP, was divided into aliquots. At zero time
valinomycin was added to give final concentrations of 8 (O),

30 (O), 60 (V) and 120 uM (W), and delay time curves were
obtained.
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Figure 4. The effect of SITS concentration on the delay
‘times of red cells treated with CCCP and valinomycin

Cells suspended at 10% haematocrit in the standard low-K*
solution were pre-incubated for 20 min at 4 °C in aliquots
containing the following SITS concentrations: 0 (0), 2 (V), 8 (O),
16 (A), 24 (@), and 32 uMm (W). The suspensions were then
warmed to 24 °C, 20 um CCCP and 30 uMm valinomycin were
added, and delay time curves were obtained.

the distribution of delay times. Therefore, the delay times
obtained from suspensions with 20 gm SITS, 20 um CCCP
and a saturating concentration of valinomycin (60 uMm)
reflect the distribution of anion exchange function among
the cells. These standardized conditions were used in the
studies below.

Measurement of P, and anion exchange distributions
among red cells from individual donors

P,- and anion exchange-limited delay time curves, measured
in red cells from three donors, are shown in the upper panels
of Figs 6 and 7, respectively. The histograms (lower panels
of Figs 6 and 7) show the percentage of cells reaching
haemolysis protection within each delay time interval of
2 min (Fig. 6) or 15 s (Fig. 7). Gaussian curves fitted to the

Figure 5. Redistribution of SITS among red cells

Three aliquots of a 10 % cell suspension in the standard low-K*
solution received either no SITS (0), 33 xm SITS (O), or 66 um
SITS followed by 20 min pre-incubation at 4 °C. After warming
to 24 °C, an additional suspension was prepared by mixing
equal volumes of the suspensions pre-incubated in 0 and 66 um
SITS (A). After 4 min mixing at 24 °C, delay time curves were
obtained in the presence of 20 um CCCP and 60 um
valinomyein. (The 66 M SITS suspension was only used for
subsequent mixing, not for its own delay time curve.)
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histogram data provided the mean delay time and standard
deviation of each distribution, and the coefficients of
variation (c.v. = s.D./mean). The c.v. values of the distribution
of Py-dependent delay times ranged from 13-0 to 14:0%
and those for the anion exchange-limited process from 13-2
to 14:8 % (Table 1).

It is interesting to note the variability in the individual
means of anion exchange relative to P -limited delay times
(Table 1). The values obtained for these three donors were
consistent and reproducible and therefore attributable more
to genuine donor differences than to minor variations in
SITS concentrations. A larger sample of donors will be
required to confirm and quantify this variability before
further speculation on its meaning is justified.
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Table 1. Statistical parameters of the distribution of delay times

P,-limited delay

Anion exchange-limited

times delay times
(min) (min)
400 + 56 (14-0) 580 + 0-86 (14-8)
437+ 58 (13-2) 4:80 + 073 (15°2)

401 + 52 (13-0)

3-85 + 0-51 (13-2)

The distributions of P- and anion exchange-limited delay times were obtained by fitting Gaussian curves
to the histograms in Figs 6 and 7, respectively. Means + s.p. and c.v. values (in parentheses) for each
Gaussian curve are shown. For further details see legends to Figs 6 and 7.

DISCUSSION

We report here the development and application of a new
delay time method to assess the heterogeneity of red cell
anion exchange function and diffusional Cl™ permeability.
The results show that the delay time distributions of P and
anion exchange-limited dehydration can be fitted by bell-
shaped Gaussian curves with c.v. values of 13—15%.

To interpret these results and assess their significance it is
necessary to understand first which cell properties are
expressed in the delay time distribution. In the analysis
below we demonstrate that delay time distributions reflect
the change in time of the osmolyte content and lytic volume
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Haemolysis (%)
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distributions in the cell population as it dehydrates, and
that the similarity in c.v. values between delay time and
original cell volume distributions indicates uniformity of Py,
and anion exchange function among the cells.

The delay time distributions report the lag with which
individual cells, dehydrating at a rate limited by their P, or
by the turnover of the anion exchanger, attain an osmolyte
loss which protects them from haemolysis when diluted
into a specific hypotonic medium. Therefore, delay time
distributions should relate to and reflect the change with
time of the osmolyte content and volume distributions of
the dehydrating cells. This can be described more precisely
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Figure 6. Distribution of P,-limited delay times in red cells from three donors

Below each of the three delay time curves in the upper panels, obtained after the addition of 60 um
valinomycin but no CCCP and no SITS, corresponding histograms show the fraction of cells reaching their
delay times (unlysed) within each 2 min delay time interval. Thus defined, the Gaussian curves fitted to the
histograms correspond to the derivatives of the delay time curves. These Gaussian curves report the mean
and s.D. of the Py,-limited delay time distribution for each cell population (see Table 1).
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as follows. For any dehydrating cell in osmotic equilibrium
at lysis, C, = 2Q"/ Vi, where C,, is the selected osmolality
for the haemolytic medium (constant), TQ" is the residual
osmolyte content of the cell at the instant of lysis and Vip is
the critical haemolytic volume of cell water. If the residual
osmolyte content of a cell at the time of sampling, Z§), is
higher than @, the cell will lyse on contact with the C|,
medium because it will swell beyond its critical haemolytic
volume; if @ is lower than TQ, the cell will attain osmotic
equilibrium with Vi, < Vi and will not lyse (we neglect
effects of minor prelytic osmolyte losses, comparable for all
cells — see legend to Fig. 1). Under the selected conditions,
as the cells dehydrate, their Z¢ values all eventually fall
below ZQ", and that is why the lysis decreases from 100 to
0% with advancing time along the delay time curve. These
curves therefore contain information on both the original
distributions of £ (£¢°) and VVI{, among the cells, and the
distribution of velocities at which the cells approach ZQ" as
they dehydrate.

We next need to know the £@° and Vi distributions of
normal human red cells. In a previous analysis of the volume,
haemoglobin content, haemoglobin concentration and haemo-
lytic distributions of normal human red cells, it was shown
that the c.v. values of the distributions of £Q° and Viy
corresponded to those of the original cell volumes (Lew et al.
1995). In that study, flow cytometric measurements indicated
that the distribution of original cell volumes was Gaussian,
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with a cv. between 12:8 and 14:8% (mean cv.+ S.EM.=
1365 £ 0-03; n = 22), in agreement with earlier estimates
from microscopic measurements (Canham & Burton, 1968).
Therefore, ¢v’ =~ cv.gq® cv.y with values within the
13-15% range. Thus defined, c.v°’ represents the c.v. value
common to all these distributions, derived from direct
measurement of the original red cell volume distribution.

After dehydration is triggered by the addition of valino-
mycin, how are the osmolyte and volume distributions
expected to change with time? To address this point we will
first assume that all the cells dehydrate at the same velocity,
i.e. that the rate of osmolyte loss is the same for all the cells.
For K*-permeabilized cells, dehydrating by net loss of KCl
and water, limited by anion movement, and undergoing the
treatments described for the delay time method, the mean
velocity of osmolyte loss is given by:

AZQ/At =7, (1)

where AX@ represents the osmolyte lost in the interval At, v
is the velocity of osmolyte loss, provisionally assumed equal
for all cells, and the bars over symbols indicate mean values.
The value of the mean v may be estimated from:

7=(ZQ° — ZQY/AL, @

where mean £° and Q" are the osmolyte contents of cells
at time zero, when they are in osmotic equilibrium with an
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Figure 7. Distribution of anion exchange-limited delay times in red cells from three donors

The delay time curves limited by Py, (Fig. 6) and by anion exchange (this figure) were measured on the
same cell suspensions from each donor, and are shown in the corresponding upper panels. After 20 min pre-
incubation at 4 °C with 20 gm SITS the red cells were warmed to 24 °C and received 20 gm CCCP and
60 um valinomycin. The histograms and Gaussian curve fits in the lower panels (see legend to Fig. 6)
provide the statistical parameters of the anion exchange-limited delay time distributions (see Table 1).
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isotonic plasma-like buffer of osmolality Cg, and at mean
time At, when they reach osmotic equilibrium with the
haemolytic buffer of osmolality C;, respectively. The mean
ZQ° and Q" are given by:

2Q° = Vs 3)

and

—E-QT = V——\IR;OL’ (4)

where the corresponding mean Vi, values represent the
volumes of cell water at time zero (Vyy, original condition of
the cells) and at the time when the dehydrating cells reach
osmotic equilibrium in C;, without further haemolysis ( V).

We now ask how the statistical parameters of the delay time
curve (c.v.q,) relate to c.v°. We first designate £@° and Vi
at their mean values + 1 s.D,, using the subscripts ‘low’ and
‘high’ to indicate —1 s.p.and +1 s.p. from their mean values,
respectively.

25w =ZQ°(L—cv?), ()
ZQ5uen =ZQ°(1 +cv?), (6)
View = Vil —ev2), (7
Viien = Vig(1+cv°). (8)

The assumption that all the cells dehydrate at the same rate
implies that the c.v. of the £ distribution is not disturbed
during dehydration. Therefore, c.v.5 g0 = ¢.v.5¢. This, together
with the common value of cv® for £@° and Vi, allows
pairing lows and highs from eqns (5) and (7), and (6) and (8)
in calculating the loss of cell osmolyte needed to reach
osmotic equilibrium with (¢, AX@. Thus:

AZQu0y =(ZQ° — CLVEN1—c¥?) (9)
and

AZQign = (2Q° — CLVE)1 + cv®). (10)

Substituting the value of (C;, FVI‘;) from eqn (4) into eqns (9)
and (10), we obtain:

AZQw = (£Q° — ZQY)(1 — cv?) (11)
and L
AZQpign = (ZQ° — ZQ™)(L + cv°). (12)

We can now estimate the time for low and high cells to
reach haemolysis protection, At,,,, and Aty,,, as follows:

Aty = A(AZ Q0 /AZQ), (13)

Atpign = A_t(Athlgh/ AZQ ) (14)
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Substituting eqns (1), (2), (11) and (12) into (13) and (14), we
obtain:

Aty = At(1 = cv°), (15)

Atpygn = Af(1 + cv°). (16)

Based on the properties of Gaussian distributions, we may
define c.v.4, by:

e ¥.gy = $(Atpign — Atiow)/AL. (17
Substituting eqns (15) and (16) into (17) we obtain:
CV.qp = CV0, (18)

which predicts that c.v.,, and c.v.’ should be similar if* the
velocity of dehydration among the cells is uniform, as was
assumed. Conversely, if c.v.q = cv’ then cell-to-cell
variation in rate-limiting permeability must be minimal,
since any significant variation would have expanded c.v.4,
relative to c.v’ to a detectable extent. Thus the Gaussian
distributions of delay times, with the c.v. values of 13—-15%
observed here, indicate a high degree of uniformity of
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