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Abstract. Two nonpenetrating membrane probes, p-
azidobenzylphlorizin (p-AzBPhz) and 4,4'-diisothio-
cyano-2,2'-stilbene disulfonate (DIDS), have been
shown in earlier studies to induce dose-dependent
changes in red blood cell (RBC) shape and volume at
the same low concentrations that inhibit anion transport.
In the present work, these ligand-induced morphology
and rheology changes were studied using video digital
image morphometry (VDIM) and microfiltration tech-
niques. The results of these experiments corroborate our
earlier investigation.

RBCs were filmed using a Nomarski optics micro-
scope with video camera attachment and cell size and
shape changes were computer analyzed using VDIM.
Low uM p-AzBPhz or DIDS levels caused collapse of
the cell’s biconcave structure and cell flattening oc-
curred within 1-2 sec after drug exposure. Higher dos-
es of ejther agent converted cells to a new steady-state
in which a concurrent limited increase in erythrocyte
volume and blunt membrane protrusions were produced.
These changes were reversed in less than 2 sec by wash-
ing the drug from the membrane.

Both ligands increased the deformability of RBCs
in a dose-dependent manner as determined by filtration
through Nuclepore polycarbonate filters (3 um pore di-
ameter). The improvement in deformability of drug-
treated sickle cells was much more dramatic than for
normal cells at low p-AzBPhz concentrations. These re-
sults support our earlier conclusions that the ligands,
through a common interaction with band 3, induce vol-
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ume-associated cytoskeletal alterations which lead to
changes in morphology and flexibility.
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Introduction

The cytoskeletal framework of spectrin, anchored to
the cytoplasmic domain of integral membrane proteins,
plays an important role in maintaining the biconcave
shape of erythrocytes. At least four transmembrane
proteins are anchored to the cytoskeleton; the anion
transporter (band 3) and glycophorins A, C, and D
(GPA, GPC, GPD) [1, 10, 38, 40]. While band 3, GPC,
and GPD appear to play a direct role in the regulation
of cell shape and membrane properties that influence de-
formability [10, 18], the glucose transporter (band 4.5)
and GPA may have modulating effects on this regula-
tion [13, 28].

Flow-generated shear forces, as well as the narrow
microvasculature lumen, cause the circulating RBC to
deform. Factors known to modify red cell plasticity in-
clude the membrane’s mechanical flexibility, cytoplas-
mic viscosity, surface area-to-volume ratio, and over-
all cell size and shape [33, 37]. Alteration of any pa-
rameter that decreases the cell’s ability to deform can
impair the efficient navigation through capillaries, and
influence red cell survival [15, 34, 41, 44]. An en-
hanced deformability should therefore improve circu-
lation and life span of the cell, especially in those dis-
orders in which erythrocyte rheology is impaired. This
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is one impetus for the use of vasoactive and rheologi-
cally active pentoxifylline in the treatment of patients
with chronic occlusive arterial disease, intermittent clau-
dication, and sickle cell disease [3, 13, 17]. Recent stud-
ies indicate that decreased red cell deformability occurs
in thalassemia patients [4], is a significant component
in the progression of chronic renal failure [43], and
may be a contributing factor leading to strokes in the el-
derly [19]. The pathogenesis of exercise-induced pul-
monary hemorrhaging in race horses may also be at
least partly due to adverse rheological alterations in the
red cell [24, 32].

Phlorizin has long been known to act as an in-
hibitor of the Nat/glucose cotransporter in both renal
and intestinal epithelial membranes. An azidobenzyl-
phlorizin analogue, p-AzBPhz, was originally synthe-
sized in an attempt to photoaffinity label this trans-
porter, but the derivative possessed too little affinity for
this protein. Conversely, it had high affinity for the glu-
cose and anion transporters in the human erythrocyte
[14, 47]. At the low uM concentrations which inhibit
these transporters, p-AzBPhz also produced a dose-de-
pendent change in morphology and volume without
penetrating the cell membrane [7]—effects that were
rapidly (within seconds) and completely reversed by
simply diluting the azide-treated cells [8]. This suggests
that the ligand binds superficially rather than being em-
bedded into the lipid bilayer. This view is supported by
the results of an electron spin resonance study [47] in
which a lipid-specific spin label was inserted into the
cell membrane to monitor the order and fluidity of the
lipid bilayer. After the addition of low levels of p-
AzBPhz to these cells, no change in the order and mo-
tion of the spin label could be detected. However, at
two log units higher concentration, the azide caused
nonspecific effects, including formation of stage 3 and
4 echinocytes and a loss of membrane integrity leading
to an influx of salt and water with eventual lysis [7].
This high dose action of the azide is probably the result
of ligand intercalation into the lipid bilayer.

Microcinematography has been used to investigate
hemorheological phenomena ever since Krogh and
Rehberg [29] first described this method to document
red cell plasticity and circulation in the frog 70 years
ago. We now report the use of video digital image
morphometry (VDIM) to monitor drug-induced RBC
shape changes in single cells. Microfiltration, a wide-
ly used and simple method to assess red cell deforma-
bility [9, 36], is based on the work of Gregersen et al.
[25] who first described the use of polycarbonate filters
to study red cell rheology. Others modified their
method {30, 39] and we have further adapted this tech-
nigue to measure the effect of the band 3 inhibitors, p-
AzBPhz and DIDS, on erythrocyte deformability. The
results of these experiments are discussed in relation to
our earlier findings using different methods [7, 8].
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Materials and Methods

REAGENTS AND BUFFERS

p-Azidobenzylphlorizin was synthesized from the corresponding
amine as described elsewhere [14]. The DIDS (lot no. 1111-1), sup-
plied by Molecular Probes (Eugene, OR), was specified as 95-99%
pure by HPLC!. For total hemoglobin determinations, cells were lysed
with Nonidet p-40 detergent (Sigma Chemical). Buffers were made
with reagent grade chemicals: glycylglycine-buffered saline (GGBS)
was 10 mm glycylglycine - HCL, pH adjusted to 7.40 (at 26°C) with
NaOH and osmolarity to 289 mOsm/kg with NaCl. Nutrient buffer
(NB) was 1.5 mm K,HPO,, 5 mM glucose, 5 mM inosine, 10 mm pyru-
vate, 10 mm glycylglycine - HCI, pH 7.40 and 289 mOsmv/kg. Gas
tensions were ~150 mm Hg for P, and <5 mm Hg for Pcoz- Buffers
were prefiltered through Amicon (Lexington, MA) 0.2 pm filters
prior to use.

ErRYTHROCYTE FLEXIBILITY STUDIES

Blood was drawn after informed consent from hematologically nor~
mal (HbA,) or sickle cell (HbS) volunteers into Vacutainer K,
EDTA tubes. Cells were centrifuged for 5 min at 1,200 X g, plasma
and buffy coat were discarded and replaced with NB. Cells were then
filtered through prewashed cotton which routinely removed >95% of
leukocytes (WBC) and >99.5% of platelets, as determined by com-
plete blood counts (CBC) using a Coulter® STKS (Hialeah, FL).
Kenny et al. [26] have shown that cotton filtration does not selectively
remove erythrocyte subpopulations of irreversibly sickled cells, retic-
ulocytes, Heinz body-containing cells, or cells with differences in vol-
ume. The hematocrit was adjusted to 20% with NB and 5 ml aliquots
were stored at 4°C. Prior to each flexibility assay, an aliquot was in-
cubated at 26 * 1°C for 25 min. The cells were diluted with 95 ml
GGBS, to which drug or vehicle had been added, and allowed to equi-
librate for an additional 5 min. Five milliliters of this 1% cell sus-
pension were taken for hemoglobin determination and the remainder
was allowed to gravity flow through the filtration apparatus. The fil-
tered sample was collected for hemoglobin, volume, and cell count
determinations. Hemoglobin concentration was measured spec-
trophotometrically as 540 nm absorbance.

The filtration device held the 1% cell suspension in a reservoir
16 cm above the filter so that the pressure head decreased only 1 cm
(about 6%) during the filtration process. A 22 gauge micro-emulsi-
fying double-hub needle (Popper & Sons, New Hyde Park, NY) was
inserted between the reservoir and filter holder to attenuate flow rate
through 25 mm diameter, 3 wm Nuclepore filters (lot no. 0133;
Pleasanton, CA). A stopcock was utilized to start and stop the fil-
tration device and an efflux attachment ensured the formation of con-
sistent drops, which were optically counted using a computer-inter-
faced Grass polygraph (Quincy, MA) with pulse preamplifier. Minute
alterations in drop size that can occur from variations in flow rate were
determined to be inconsequential when calculating the number of
cells filtered. A new filter was used for each aliquot tested.

Each study was completed within 5 hr of red cell isolation. To
account for the RBC deformability changes that occur following
venipuncture [6, 30], and to derive appropriate time-dependent con-
trol values with which to compare ligand-induced filtration rate
changes, at least four control runs were performed over the duration

! Five different lot numbers of DIDS from two independent suppliers
have been used. All gave identical results, but equivalent doses var-
ied nearly 10-fold.
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of each study. These control data were fit to second degree polyno-
mials from which estimates of control values could be derived at the
time a treatment sample was tested.

MORPHOMETRIC ANALYSIS

A fresh, whole blood sample (HbA, in EDTA), diluted to a 0.2%
hematocrit in GGBS, was placed in a glass slide viewing chamber with
an elevated coverslip. While the cells were being viewed with 1,000 X
Nomarski optics on an Olympus Vanox photomicroscope, a chamber
volume of vehicle or ligand solution was drawn over the adherent cells
within 2 sec with a filter paper wick. Images were transferred via a
video camera (MTI, series 68) mounted to the microscope to a Sony
CCD-V5000 Hi8 video camera for recording (30 frames/sec). The
stop-frame mode of the CCD camera was used to select single images
that were then transferred to a Macintosh Ilci computer for digital
analysis using the Image (Wayne Rasband, National Institutes of
Health) morphometric analysis program. For each assay, all ery-
throcytes in the image field were numbered and seven were random-
ly chosen for analysis. Cells that were on edge or overlapping were
rejected. Using a double blind protocol, the effects of the test agents
on these seven cells were analyzed at various time points by tracing
the edge of each cell using a mouse-controlled outlining tool. The out-
lined area was determined by the number of pixels it contained. Dur-
ing periods of rapid morphology changes, the kinetics of the ligand-
induced alterations were measured by analyzing cells every 0.5 sec,
and thereafter less often when the cells had reached the new steady-
state. Reversibility of the RBC shape changes were assessed by
drawing buffer or a buffer/plasma mixture through the viewing cham-
ber. All experiments were conducted under low intensity yellow
room light to minimize photolysis of the azide. Exposing the cells to
the microscope’s high intensity illumination may have promoted
some photolysis, but TLC analysis indicated that this was minor.

STATISTICS

The effect of p-AzBPhz and DIDS on cell flexibility was analyzed us-
ing a two-factor ANOVA with repeated measures design. Sickle cell
data using the Cell Transit Analyzer (see Table 2) were tested using
a one factor ANOVA. Student’s #-test was used to derive the P val-
ues for other data with P << 0.05 for nondirectional (two-tailed) tests
considered significant. The Pearson product-moment correlation was
used to determine the relationship between paired data.

Results

ERYTHROCYTE FLEXIBILITY STUDIES

Figure 1 shows the dose-dependent effects of p-AzBPhz
on the ability of HbA | red cells to traverse 3 um pore
filters. At 1.5 uM and below, the ligand caused an in-
crease in the filtration rate at all time intervals, even
though the cell volume may have increased slightly at
this azide level [7, 8]. At this hematocrit, 0.2 uM gives
approximately a 1:1 stoichiometric ratio of ligand to
band 3. Cells treated at 5 um were swollen and initial-
ly filtered more slowly than untreated cells. However,
relative to controls, which over 10 min exhibited a pro-
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gressive decrease in flow, these cells filtered at a faster
rate as time progressed. At the highest concentration
tested (10 um), the azide’s high affinity action is coun-
teracted by its so-called phase 2 activity when mem-
brane integrity is affected, and the salt and water influx
results in profound swelling [8] preventing these cells
from maneuvering through the filter pores.

DIDS at 0.8 uMm imitated the low level action of p-
AzBPhz (Fig. 2). The effect of the stilbene appears to
be maximal at this concentration since no further sig-
nificant increase in cell deformability was observed
even at § uM. Under these conditions, we were unable
to detect any changes at 0.25 um DIDS. In contrast to
the azide’s action, DIDS caused no significant decrease
in filtration rate compared to controls at any tested con-
centration, although at 25 uMm, the compound appeared
less than optimal at improving cell flexibility. Either
nonspecific crosslinking or preferential insertion into the
outer bilayer might be the cause of this result at the high
concentration.

Supernate and total hemoglobin in pre- and post-
filtration samples were evaluated for each assay. The
actual number of cells filtered in each sample was de-
termined by correcting for any drug-induced lysis,
namely, by subtracting the proportion of cells respon-
sible for the free hemoglobin. p-AzBPhz produced no
significant prefiltration hemolysis under the conditions
of these experiments (Table 1) and only the highest
levels of the azide (5 and 10 um) induced a small in-
crease in lysis during the filtration process. DIDS
caused no lysis at any concentration tested under any
condition.

The dose-dependent effect of p-AzBPhz on ho-
mozygous HbS cells was much more pronounced than
with HbA | cells, although a slightly higher dose was re-
quired to achieve the maximal increase in deformabil-
ity. Experimental conditions were similar except that
the filtration head was increased to a height of 27 cm,
the hematocrit was decreased to 0.5%, and a limited
quantity of blood permitted only a 2 min filtration.
With 10 puMm azide, the mean (n = 2) filtration rate dur-
ing the second minute was 1.05 X 108 cells/min, dou-
ble that for control (0.47 X 108 cells/min). Total cells
filtered during the 2 min period was 2.36 X 108 for con-
trol and 6.63 X 108 after azide treatment.

This significant effect on sickle cell filterability
was also observed using a Cell Transit Analyzer (CTA,
Levallois, France) [28]. The CTA measures RBC de-
formability as a conductivity change when cells in a di-
lute suspension pass through 30 precisely sized and
separated 5 um pores. Aliquots from a single HbS
blood sample were assessed for three parameters with
this instrument: mean transit time, number of cells fil-
tered per second, and the percentage of total cells fil-
tered within preset transit time intervals (in msec) from
which cell subpopulations could be defined. The results
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Fig. 1. p-AzBPhz-induced changes in RBC
filtration. Filtration rates of control cells during
the indicated time intervals are shown in brackets
as 10° RBCs/min. At 1.5 uM and below, the azide

Percent difference from control

enhances cell flexibility measured as an increase
in the total number of cells passing through 3 um
pore filters at all time periods. Higher ligand
doses cause cell swelling, which initially
decreases filterability. However, compared to
control rates, even these slightly enlarged cells

penetrate the filter more readily. Data represent
means * SE of six experiments; ANOVA
indicated significant differences for time intervals
and concentrations at P < 0.0001.

Cl 10uM
[0.85] [0.60] [0.45] {0.36] [0.31]
-60 e
0-2 min 2-4 min 4-6 min 6-8 min 8-10 min
Filtration time interval
20
H osuM
B 25uM

W suM
25 pM

10J

[0.43]

10.92] [0.69] [0.53]

Percent difference from control

Fig. 2. DIDS alters red cell filterability. See Fig.
1 legend; other experimental details are in the
text. DIDS significantly improved RBC
filterability; ANOVA (n = 6) indicated
significant differences for time intervals at P <
0.0001 and P < 0.01 for concentration
differences.

[0.37]

0-2 min 2-4 min 4-6 min 6-8 min

Filtration time interval

of this experiment are shown in Table 2. Not only were
more of the p-AzBPhz treated sickle cells filtered but
they navigated the porous barrier faster compared to
controls. These results were primarily due to a shift in
cell subpopulations, from slower to faster filtering cells.

DiGITAL IMAGE MORPHOMETRY

Figure 3 illustrates the time-dependent changes in RBC
shape and circumference produced by 10 um p-AzBPhz
as determined by VDIM. Cross-sectional area of each
discocyte was normalized to give a baseline pretreat-
ment value of 100. Upon addition of azide, cells abrupt-
ly flattened; their cross-sectional area increased nearly
10% as they appeared to collapse and lost their central
pallor. The loss of cellular biconcavity was confirmed
by morphometric pixel color analysis. At this relative-
ly high ligand concentration, the initial flattening was
followed within seconds by simultaneous cell rounding,
formation of numerous membrane bulges and a de-
crease in the apparent cross-sectional area. This event

8-10 min

Table 1. Supernate hemoglobin (as an indicator of lysis)

[p-AzBPhz], um Before filtration After filtration

O (control) 1.24 = 0.54 2.12 = 0.30

0.2 1.49 = 0.60 (NS) 2.12 £ (.34 (Ns)

0.5 1.70 = 0.71 (vs) 2.37 = 0.29 (Ns)

1.5 1.53 = 0.73 (Ns) 2.61 = 0.62 (Ns)

5 1.33 = 0.49 (N3) 4.20 = 0.65 (<0.001)
10 2.10 %= 0.56 (NS) 6.67 = 0.51 (<0.001)

Supernate hemoglobin, tabulated as percent of sample total, was de-
termined to monitor inherent and drug-induced lysis. There was no sig-
nificant difference between prefiltration lysis for any of the azide con-
centrations tested, compared to controls. Filtration caused a small in-
crease in lysis of all samples but only at 5 and 10 M was there a slight
increase over conirol. Data are means * SD with P values in paren-
theses (Ns = not significant).

involved the influx of water as the cell progressed to
some new steady-state [7, 8]. The azide-induced
changes were readily reversible; completely smooth-
surfaced discocytes with slightly larger diameter were
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Table 2. Improved sickle cell flexibility by p-AzBPhz
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0 (control) 5 uM 10 pm
n=8 (n=73) (n=06)
MTT (msec) 2.17 £ 0.19 1.80 * 0.09 (<0.01) 1.64 = 0.10 (<0.001)
TCF/sec 44,1 *+7.38 72.3 £ 9.1(<0.001) 82.1 £ 7.2 (<0.001)
%TCF/TT
=1.5 msec 80.1 =37 832 = 1.1 (Ns) 85.0 = 0.9 (<0.01)
1.6- 3.1 msec 82 £20 83 *0.2(ns) 83 *£0.9(Ns)
3.2~ 6.3 msec 35 =07 2.8 £0.2(ns) 2.2 *0.5(<0.001)
6.4-12.7 msec 38 £ 1.1 3.0 £ 0.6 (Ns) 2.5 +0.3(<0.02)
12.8-25 msec 43 =05 2.8 = 0.4(<0.001) 2.3 £ 0.4 (<0.0001)

Sickle cell filtration, measured with a Cell Transit Analyzer, indicated that p-AzBPhz increased
deformability in repeated measures of a single HbS blood sample. The parameters evaluated
were mean transit time (MTT), total cells filtered/sec (TCF/s), and percent of total cells fil-
tered per transit time interval (% TCF/TT). The azide altered the cells so that they navigated
the pores more readily, selectively improving the flexibility of slow-filtering subpopula-
tions. Data are indicated as mean * SD with P values in parentheses (NS = not significant).

110

100

90

Cross-sectional area (arbitrary units)

Time (s)

Fig. 3. Alterations in RBC structure and cross-sectional area follow-
ing the addition of 10 uM p-AzBPhz at t = 0. The line drawings por-
tray the shape changes analyzed by video digital image morphome-
try. The ligand initially causes cell flattening and then a rapid cell
rounding. A new steady-state is attained involving membrane defor-
mation and water influx. Rapid reversal to nearly normal discocytes
occurs after washing with buffer at r = 60 sec. Points represent means
+ sp (n = 6).

formed within 1-2 sec after washing the cells with lig-
and-free buffer. The electron micrographs shown in Fig.
4 exemplify the morphology changes which cells un-
derwent following ligand addition (see Blank and
Diedrich [7] for details of the electron microscopy).
The video-recorded changes in cross-sectional area
of RBCs exposed to a hypotonic buffer (156 mOsm/kg)
and varying amounts of p-AzBPhz and DIDS are pre-
sented in Fig. 5. Within ~3 sec after hypotonic expo-
sure, cells attained a stable near maximal spheroid shape
which produced about a 15% decrease in cross-sec-
tional area. No initial flattening or membrane bulging

Fig. 4. This composite electron micrograph shows the red cell mor-
phology following ligand addition. Cell (A) is a normal discocyte; (B)
indicates the ligand-induced flattening that occurs following low lev-
els of p-AzBPhz. DIDS produces the identical change. Cell (C) shows
the blebbing produced at slightly higher drug concentrations (see text
for details).
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Fig. 5. Comparison of the changes in cross-
sectional area of RBCs exposed at 1 = 0 to low p-
AzBPhz levels, DIDS, and a hypotonic buffer.
The 10 uM azide data from Fig. 3 is again
presented for comparison. Osmotically induced

water influx is not preceded by cell flattening and
the rate of cell swelling by this mechanism is
identical to that caused by high azide doses. p-

AzBPhz at 2.5 uM causes only a stable cell

Cross-sectional area (arbitrary units)

""""""""""""" &——&——© 2.5 pM p-AzBPha flattening. DIDS induced cellular effects similar
—X ¢—— 10 M p-AzBPhz to low levels of azide. Morphology and volume
G"ﬁ"ﬁ : :M DI];JHSJS changes were rapidly reversed by washing the
a * 5 M cells with ligand-free isotonic buffer at 1 = 60
B bt 156 mOsm buffer . X R
sec. Error bars (similar in magnitude to those in
| " L . 1 L Fig. 3) have been deleted for clarity.
40 60 80 100 ¥
Time (s)
was observed when water influx occurred by this mech- Discussion

anism. Normal discocyte morphology and cross-sec-
tional area was rapidly restored when chamber iso-
tonicity was re-instituted. It is noteworthy that the rates
of water influx and efflux induced osmotically appear
to be identical to the volume changes produced by the
high level of p-AzBPhz binding and reversal. At 2.5
um, rapid cell flattening occurred, but this event was not
followed by cell rounding or formation of membrane
projections. The cells remained collapsed in a new
equilibrium state throughout the examination period.
After attempting to wash off this low level of ligand,
cellular biconcavity returned, although the cells re-
mained flatter than their pretreatment condition.

The dose-dependent effects of DIDS on cell volume
and morphology were similar to those described for the
azide. At low concentrations, a rapid, stable cell flat-
tening occurred; at higher concentrations, the initial
flattening was followed by a reversible decrease in
cross-sectional area, albeit the rate of cell swelling and
extent of reversal was somewhat different than that pro-
duced by the azide.

Activity of both ligands was investigated in a sim-
ilar, more extensive study in which ligand concentration
was incrementally increased every 60 sec in the view-
ing chamber as the cell field was continuously record-
ed. Thereafter, two chamber volumes of ligand-free
buffer were added to determine the reversibility of drug
action. The results, listed in Table 3, again indicate that
the lowest levels of either agent caused only a cell flat-
tening, with DIDS being 4-5 times more potent than the
azide. Whereas the cell rounding produced even by 50
uM p-AzBPhz was rapidly reversed, the action of an
equivalent amount of DIDS was not as extensive nor re-
versible.

It has been reported that DIDS and phloretin, a moiety
of the p-AzBPhz molecule, partially share a common
binding site on the RBC anion transporter {20, 22]. The
effects of DIDS and the azide on red cells have been
compared in experiments using light scattering, elec-
tronic cell sizing, microhematocrit and scanning electron
microscopy measurements [7, 8]. Changes produced by
the stilbene were analogous to only the azide’s low
dose effects. Both ligands, either separately or in mix-
tures, produced identical maximal changes in cell-wa-
ter influx, loss of ability to scatter 800 nm light, and
conversion to stage 1 and/or 2 echinocytes. We propose
that they act through the same mechanism, namely, by
altering the conformation or oligomer form of band 3.
This event may then elicit a transmembrane signal that
alters the organization of the cytoskeleton. Much high-
er concentrations of the azide, but not DIDS, lead to
nonspecific effects that involve an influx of salt and wa-
ter, culminating in cell lysis.

MOoRPHOLOGY CHANGES

Video digital image morphometry was used to analyze
the kinetics of erythrocyte shape and volume changes
produced by p-AzBPhz and DIDS. At concentrations
known to block anion transport, the initial and only ef-
fect of both ligands was a very rapid cell flattening on
the surface of the glass slide. This collapse of the bi-
concave construction was readily quantitated as an in-
crease in cross-sectional area as long as volume ex-
pansion (that would cause cell rounding) does not oc-
cur. This is a critical point. Cell flattening induced by
the lowest ligand levels represents a conversion (o a new
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Table 3. Drug-induced changes in RBC cross-sectional area
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[Ligand], um Relative cross-sectional area
p-AzBPhz DIDS

0 (control) 99.8 £ 1.0 100.3 = 0.6

0.5 104.6 = 1.9 (<0.01)

1.0 104.9 £ 2.3 (<0.02)

1.25 104.6 £ 1.4 (<0.001)

2 96.9 = 5.7 (Ns)

2.5 107.2 £ 1.6 (<0.001)

3.3 91.7 £ 9.1 (<0.05)

5 75.3 £ 6.0 (<0.001) 90.1 * 7.9 (<0.05)
10 65.2 = 5.4 (<0.001)

15 63.2 = 1.5 (<0.001) 86.8 = 9.1 (<0.05)
20 59.4 = 1.5 (<0.001)
50 58.7 £ 2.6 (<0.001) 85.0 = 8.5 (<0.02)
Wash No. 1 101.6 = 1.7 (<0.02) 90.4 * 4.0 (<0.01)
Wash No. 2 101.8 = 1.6 (<0.02) 91.4 £ 3.5 (<0.01)

Following each stepwise increment in ligand concentration, RBC cross-sectional area was de-
termined by VDIM after cells had attained steady-state (30 sec post drug addition). Control
cells were measured twice to assess the performance of the analysis; the first value, set to a
baseline value of 100, was used to normalize the second and all subsequent post-treatment
measurements. Data are given as mean * sb (n = 5 to 9) with P values in parentheses (NS

= not significant).

steady-state and is independent of any subsequent vol-
ume increase. Addition of more ligand causes these flat-
tened cells to swell. Since plasma membrane stretch-
ing cannot exceed 3% without lysis [33], the normal 8
um diameter red cell, with a surface area of 140 um? and
a volume of 90 fl, could form a maximally expanded,
smooth-surfaced sphere having ~84% of its original
cross-sectional area. This is what was found for cells
exposed to the hypotonic buffer (Fig. 3). However, in
contrast to this osmotic volume expansion, ligand-in-
duced swelling is associated with membrane blebbing
[7] and the extent of cross-sectional area reduction is not
predictable. Thus, when increased stepwise to 50 um,
the azide eventually inserts into the membrane’s outer
bilayer and generates echinocytes with even smaller
circumference, viz. ~60% of normal value (Table 3).
DIDS’s action is different. Although this agent pro-
duces the same membrane bulges as the azide,
echinocytic spicules were not formed [8], and the re-
duction in cross-sectional area was never more than 15%.

One wash with GGBS buffer half-diluted with au-
tologous plasma was sufficient to reverse even the most
profound ligand-induced alteration. Plasma-free buffer
also readily reversed the effects of either compound, but
more than one wash was required. Occasionally during
this reversal, one or two cells in the field failed to re-
cover their pretreatment orientation and would reac-
quire their biconcave structure in a plane perpendicular
to the slide, i.e., on edge. This hysteresis suggests that
the cytoskeletal destabilization induced by a ligand

could be extensive, enough to prevent reconstruction of
the original framework.

Careful analysis indicated that the reformed disco-
cytes did not recover their original dimensions. Azide-
treated cells would reattain a flatter than original bi-
concave form after washing (Fig. 5). We attribute this
to some covalent binding of the ligand due to photoac-
tivation during the filming process with the micro-
scope’s high intensity light. Alternatively, a slow off
rate of the compound from the receptor site(s) respon-
sible for the maintenance of cytoskeletal construction
could account for this result. Indeed, we have already
reported that deliberate photoactivation of membrane-
bound azide prevents RBCs from returning to their nor-
mal condition [7]. Washing the cells after low um
DIDS treatment also regenerated discocytes that were
slightly larger than their pretreatment size. However,
this was a time- and dose-dependent phenomenon; high
DIDS concentrations and/or extended lengths of expo-
sure (Table 3) lead to cells with smaller than baseline
circumference after washing. This was probably due to
the stilbene’s spontaneous irreversible interaction with
band 3.

LIGAND-INDUCED IMPROVEMENT IN FILTERABILITY

As an untreated blood sample passes through a 3 um
pore filter, the flow rate progressively decreases (Fig.
1) due to pore plugging by poorly deformable red cells,
white cells or platelet aggregates [11, 27]. Although es-
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sentially all platelets and the majority of WBCs were re-
moved from the blood samples in our studies, even
traces of white cells can have dramatic effects on blood
filterability [2, 5]. To address the question whether the
action of our ligands is attributable to an increased
WBC filterability, we tested for a statistical correlation
between residual WBC number and the degree of lig-
and-induced, enhanced blood sample filterability. No
relationship was found for either the p-AzBPhz or DIDS
data. Furthermore, according to the manufacturer, each
3 um filter contains approximately 107 pores, so that
even if ail residual white cells had plugged one pore, fil-
tration rate would have decreased only 18% by the end
of an assay. In fact, the flow rate decreased 60 to 65%
in these experiments. Also, our VDIM studies indicat-
ed that neither agent had any observable effect on white
cell morphology. Clearly, the ability of either of the
band 3 antagonists to improve filterability was unrelat-
ed to this issue. The work with the cell transit analyz-
er (Table 2) also showed that ligand-induced decreases
in mean transit time were attributable to enhanced ery-
throcyte deformability.

Preferential cell lysis as the explanation for the en-
hanced filterability by the ligands can also be ruled out.
No hemolysis was detectable after any experiment with
DIDS and no free hemoglobin increase in prefiltration
blood suspensions was seen even with 10 um p-AzBPhz
(Table 1). Furthermore, no difference in the amount of
postfiltration lysis for control and azide-treated cells oc-
curred until the agent reached 5 and 10 um. Conse-
quently, enhanced cell deformability at lower azide lev-
els is not attributable to RBC lysis. At 10 uMm, the azide
probably caused a significant degree of swelling since
at this dose, it decreased filterability (Fig. 1).

A cell’s ability to pass through micropores is de-
pendent upon its deformability. Reinhart et al. [42]
demonstrated that 5 pm filters were useful to detect
changes in cellular viscosity, whereas 3 um filters best
discriminated changes in cell volume. We chose 3 um
filters after finding that they were more sensitive to
quantitate even minute changes in filtration rate found
with either low levels of p-AzBPhz or DIDS (Figs. 1 and
2). With HbA| RBCs, both ligands initially made the
cells more flexible—an expected outcome if the cy-
toskeleton had become less rigid. The ligand-induced
water influx seen at higher doses produced a slightly
swollen cell which initially filtered less rapidly than
controls. However, even though the cells were en-
larged, they were less prone to plug the pores, as is seen
by the progressive increase in filtration rate, relative to
controls, during consecutive time intervals.

LicaND-INDUCED CELL VOLUME INCREASE

The present study, in which the effects of low azide con-
centrations on normal erythrocytes were examined, con-
firms an earlier report of a 6-10% cation-free water
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uptake in these cells under similar conditions [7, 8]. The
driving force for this influx remains unidentified, but the
provocative findings of Colombo, Rau and Parsegian
[12] prompt us to speculate about this phenomenon.
These authors found that as hemoglobin undergoes the
transition from the deoxy- to oxy-form, each tetramer
is reversibly solvated by up to 70 solute-excluding wa-
ter molecules. If, as we propose, a cytoskeletal reor-
ganization is induced by our ligands, and if the com-
ponents of the meshwork undergoing a conformational
change would expose comparable hydratable surface
areas, then this event might be sufficient to provide an
accountable osmotic force for our observed volume in-
crease. An alternative proposal stems from discussions
by Gary-Bobo and Solomon [23] and Widdas and Bak-
er [46] about the anomalous osmotic behavior of red
cells observable under certain conditions. Hemoglobin
was visualized as a powerful buffer capable of confin-
ing osmotically inactive K* ions that can be mobilized
to active form when protein packing is altered. We had
earlier suggested that buried amino groups on compo-
nents organized by Band 3 could be mobilized in an
analogous manner to promote osmotically active chlo-
ride and water influx under the influence of the ligands
[8]. The issue had been discussed much earlier by
Freedman and Hoffman [21] to account for osmotic
anomalies in RBCs. Changes in cell volume were re-
lated to pH-dependent shifts in hemoglobin charge, con-
centration and Donnan ratio.

The azide’s capacity to increase the water content
of sickle cells may be the primary mechanism by which
it enhances filterability of these RBCs. Compared to
HbA, cells, which already have an optimal surface area-
to-volume ratio, sickle cells have an increased mean cell
hemoglobin concentration (MCHC)—the primary de-
terminant of internal cell viscosity [35]. Since the rate
of HbS aggregation is proportional to about the thirti-
eth power of the deoxy-HbS concentration [16], sickling
will be suppressed if hemoglobin dilution occurs.? The
azide’s ability to prevent and reverse deoxygenation-in-
duced sickling has been repeatedly observed [31], al-
though we have as yet been unable to video record this
phenomenon because these cells do not stick to the
glass viewing chamber. In any case, the present find-
ing that p-AzBPhz also enhances sickle cell flexibility
focuses its potential usefulness in managing the symp-
toms of this disease.

MULTIPLE p-AZBPHZ RECEPTORS

Whereas DIDS produced similar flexibility and mor-
phology changes as the azide, the degree was never as

2 This suggests that if the concentration of deoxy-HbS is diluted by
10%, then the gelation time lag period, which determines the rate of
HbS gel formation, would be reduced more than 17-fold (e.g., 1.1 =
17.4).



D.M. Hoefuer et al.: Red Cell Shape and Flexibility Changes

prominent. Cells treated with small doses of azide be-
came flatter and more flexible and were rounder and less
flexible at high levels compared to DIDS-treated cells.
Since DIDS selectively binds band 3, its effects are
thought to follow from that interaction. p-AzBPhz may
derive its more pronounced modulating effects by in-
teracting with specific receptors on several integral
membrane proteins. In a preliminary photolabeling ex-
periment [14], p-[3H]azidobenzylphloretin (the parent
aglycone of p-AzBPhz) extensively labeled three of the
membrane proteins; bands 3, 4.5 and particularly one
with an R, of band 7. Recent experiments with tritiat-
ed p—AZBi)hz also indicate that this membrane-imper-
meable glucoside selectively labels band 3 (DIDS-
blockable) and especially a 28 kD protein (blocked by
Hg?" and p-CMBS), possibly the purported water chan-
nel {45, 48].

In conclusion, the present results suggest that as low
uM levels of p-AzBPhz or DIDS bind to the anion trans-
porter, a transmembrane signaling occurs that increas-
es cytoskeletal entropy. This modification of the mem-
brane skeleton, through a rapidly reversible mechanism,
is accompanied by changes in cellular morphology, a
small increase in volume and enhanced deformability.
p-AzBPhz may prove to have therapeutic applicability,
ranging from acute management of sickle cell disease
symptoms to enhancing blood flow in those anomalies
where flexibility is decreased and cell survival is com-
promised.
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