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a-Hemolysin from Escherichia coli (HlyA) readily lyse eryth-
rocytes from various species. We have recently demonstrated
that this pore-forming toxin provokes distinct shrinkage and
crenation before it finally leads to swelling and lysis of erythro-
cytes. The present study documents the underlying mechanism
for this severe volume reduction. We show that HlyA-induced
shrinkage and crenation of human erythrocytes occur subse-
quent to a significant rise in [Ca®>*],. The Ca**-activated K*
channel K,3.1 (or Gardos channel) is essential for the initial
shrinkage, because both clotrimazole and TRAM-34 prevent the
shrinkage and potentiate hemolysis produced by HlyA. Notably,
the recently described Ca”>* -activated C1~ channel TMEM16A
contributes substantially to HlyA-induced cell volume reduc-
tion. Erythrocytes isolated from TMEM16A~'~ mice showed
significantly attenuated crenation and increased lysis compared
with controls. Additionally, we found that HlyA leads to acute
exposure of phosphatidylserine in the outer leaflet of the plasma
membrane. This exposure was considerably reduced by K¢,3.1
antagonists. In conclusion, this study shows that HlyA triggers
acute erythrocyte shrinkage, which depends on Ca®*-activated
efflux of K* via K,3.1 and Cl~ via TMEM16A, with subsequent
phosphatidylserine exposure. This mechanism might poten-
tially allow HlyA-damaged erythrocytes to be removed from the
bloodstream by macrophages and thereby reduce the risk of
intravascular hemolysis.

a-Hemolysin (HlyA)? produced by Escherichia coli is one of
the key virulence factors released by invading E. coli strains.
HIlyA inserts into the plasma membrane and makes the cells
permeable to cations and water (1-3). In erythrocytes, this
increase in ion permeability has been established to result in swell-
ing and ultimately lysis. We have recently discovered that the full
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hemolytic process requires purinergic signaling, because extracel-
lular ATP scavenging and P2 receptor blockage completely abol-
ished HlyA-induced hemolysis. Additionally, the HlyA-induced
swelling and lysis is preceded by a substantial volume reduction in
human and murine erythrocytes (4). This sequential shrinkage and
swelling was observed in single cells as an initial crenation, fol-
lowed by swelling/spherocyte formation before the final lysis (4).

The initial volume decrease induced by HIyA is surprising
because it implies that insertion of the pore results in a net ion
efflux rather than an influx. Because K quantitatively is the
most important intracellular cation, this effectively means that
the K efflux during the shrinkage is larger than the Na™* influx.
This notion is supported by the large K™ efflux, which can be
observed within 1-2 min after HlyA addition (2, 5). Because
HlyA is a nonselective pore, permeable to both mono- and diva-
lent cations (6), it is unlikely to show a preference for K™ over
Na*. Human erythrocytes have a resting membrane potential
of approximately —5to —10 mV (7), which is close to the rever-
sal potential of any nonselective cation channel. Thus, it is very
hard to imagine that insertion of a nonselective pore per se would
result in a selective K conductance. This would require either a
selectivity of the pore and/or a favorable driving force for K™ over
Na™. Therefore, we speculated that insertion of HlyA pores acti-
vates K* and possibly CI~ selective ion channels natively present
in the erythrocytes. This activation could be responsible for the
observed HlyA-induced volume reduction, a process that poten-
tially will protect the erythrocytes against immediate lysis.

We here investigate the underlying mechanism for the marked
HlyA-induced volume reduction of red blood cells. We were able
to show that HlyA-induced shrinkage is a consequence of a rise
in the intracellular Ca®>" concentration ([Ca**],), which trig-
gers activation of K™ channels (KCa3.1/Gardos channel) and
Cl™ channels (TMEM16A), with a subsequent exposure of
phosphatidylserine (PS) in the outer leaflet of the mem-
brane. Because macrophages recognize and phagocytose PS
exposing erythrocytes, the early volume regulations may be
important for removal of HlyA-damaged erythrocytes from the
bloodstream.

MATERIALS AND METHODS

Preparations of Human and Murine Erythrocytes—Blood
samples from eight healthy volunteers were collected in EDTA-
containing tubes and washed twice (1000 X g, 1 min at 4 °C) in
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0.9% NaCl, the buffy coat was removed, and the remaining cells
were washed twice in Ca®*-containing saline. The experiments
were approved by the Danish National Committee on Biomed-
ical Research Ethics. TMEMI16A-deficient (TMEMI16A /")
and littermate control (TMEM16A*’") mice (8) on C57BL6
background were bred at the University of Regensburg, where
the experiments with erythrocytes from TMEM16A mice were
performed according to the national guidelines for care and
use of animals in research and the German law on protection
of animals. The animals were killed 1-3 days after birth by
cervical dislocation, and the blood was collected in heparin-
containing tubes and prepared similar to the human erythro-
cytes. Age-matched CFTR™’* and CFTR ™/~ mice were kindly
supplied by Ursula Seidler (Hannover Medical School, Han-
nover, Germany) and used when 12—16 weeks old. AQP1*/*
and littermate AQP1 ™/~ mice were bred at the Department of
Anatomy of Aarhus University and originally supplied by Alan
Verkman (University of California). The APQ1 mice were used
when they were 14 weeks old.

a-Hemolysin—The majority of the experiments were per-
formed with purified a-hemolysin from E. coli kindly provided
by Sucharit Bhakdi (University of Mainz, Mainz, Germany). For
the CFTR™™" versus CFTR /~ and AQP1"'™" versus AQP1 ™/~
erythrocytes (supplemental Fig. S2), as well as the experiments
with niflumic acid on murine erythrocytes (supplemental Fig.
S3), native HIyA in the supernatant from the E. coli strain ARD6
(Statens Serum Institut, Copenhagen, Denmark) was used. The
bacterial strain ARD6 secretes HlyA (for further details see Ref.
4). The purified HlyA was supplied at a stock concentration of
50 wg ml~ %, and the concentration was adjusted to result in
either 0, 20, 50, or 100% hemolysis depending on the various
experiments in a preparation of either 1.25% (measurements of
released hemoglobin) or 0.02% erythrocytes (flow cytometry).
For further specifics see legends to figures.

Imaging of Shrinkage and Hemolysis of TMEM16A™"™" and
TMEMI16A~"~ Murine Erythrocytes—The red blood cells were
attached to coverslips by Cell-Tak™ (BD Biosciences) and
placed on an inverted microscope (Axiovert 200M; Zeiss) at
room temperature. Time lapse recordings of the erythrocyte
appearance in differential interference contrast (DIC) (63X,
NA1.2) were collected over 60 min after the addition of HlyA
(sampling rate was 1 picture every 10 s for the first 5 min and
thereafter every 30 s using the program AxioVision from Zeiss).
The change in erythrocyte shape and lysis was compared be-
tween the two genotypes.

Measurements of Hemolytic Activity—The erythrocytes were
suspended (1.25%) in Ca®"-containing saline. The hemolytic
activity was measured spectrophotometrically (Ultraspec III,
LKB Biochrom, Cambridge, UK) at 540 nm. HlyA was added (5
or 10 ng ml ™', resulting in 20 or 50% lysis) in 1.5-ml test tubes
with or without antagonists (clotrimazole or TRAM-34) and
placed in an incubation chamber (ES-20; Biosan, Riga, Latvia)
for 60 min at 37 °C under a constant swirl of 200 rpm. Thereaf-
ter, the tubes were centrifuged (1000 X g, 3 min, 4 °C), and the
Ay, of the supernatant was determined as a measure of re-
leased hemoglobin.

Flow Cytometry—Flow cytometry analysis was performed
on a FACSAria flow cytometer (BD Biosciences), using BD
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FACSDiVa software for acquisition and analysis. Erythrocyte
size and density were assessed using forward scatter (FSC) and
side scatter (SSC), respectively. All of the experiments were
performed using a 100-um nozzle and a standard sheet pres-
sure of 20 p.s.i. For all of the experiments, a suspension of iso-
lated erythrocytes (0.02%) containing ~10° cells ml™' was
used. For the time course experiments, the effect of HIyA was
investigated from O to 45 min in the presence or absence of
clotrimazole or TRAM-34. The flow rate was adjusted to keep
the cell count at 1000 events s~ .

Annexin V Binding—For the annexin V binding studies, 10°
cells were investigated per experimental condition. The eryth-
rocytes were incubated with HlyA (1 ng ml™!, resulting in
15-20% shrinkage but 0% lysis) for 10 min at room tempera-
ture. Afterward they were centrifuged for 3 min at 1000 X g,
before they were resuspended in a solution composed of
annexin V and annexin V binding buffer (dilution, 1:50; Roche
Diagnostics GmbH, Mannheim, Germany) and incubated in
the dark for 10 min. The suspension was diluted 1/5 in a Ca®*-
containing saline, and the sample was run on the flow cytome-
ter. All of the experiments were conducted at 37 °C, 488-nm
excitation/520-nm emission. [Ca®"], measurements were also
performed on the FACSaria flow cytometer. Isolated erythro-
cytes (~10° cells ml~ ') were preincubated for 25 min in fluo
4-AM (5 um) (Invitrogen) at 37 °C and washed once in Ca*"-
containing saline (1000 X g for 3 min at room temperature).
The time-dependent increase in 488-nm fluorescence was
measured after HlyA addition (3 ng ml~*) in parallel with FSC
and SSC.

[Ca®* ], Imaging of Human Erythrocytes—Human erythro-
cytes attached to coverslips by Cell-Tak™ (BD Bioscience)
were incubated with fluo 4 (5 um) for 25 min at 37 °C, washed
once, and placed on the stage of an inverted microscope (TE-
2000; Nikon). Low level excitation light was provided by
a monochromator (Visitech International, Sunderland, UK).
Time lapse recordings of the erythrocyte appearance in DIC
(63X, NA1.2) were collected over 15 min after the addition of
HlyA (sampling rate, 0.1 Hz) using an intensified SVGA charge-
coupled device camera and imaging software (Quanticell 2000/
Image Pro; Visi-Tech). Fluo 4 was excited at 488 nm, and emis-
sion was detected above 520 nm. All of the experiments were
carried out at 37 °C and pH 7.4. In these experiments 0.1%
bovine albumin serum was added to the medium to avoid cre-
nation of the erythrocytes, which usually is seen as they come in
contact with the coverslip glass surface (9).

Solutions and Materials—The Ca®>*-containing saline con-
tained 138.0 mm [Na*], 132.9 mMm [C1 ], 5.3 mMm [K*], 1.8 mm
[Ca®"], 0.8 mm [Mg>"], 0.8 mm [SO,% "], 14.0 mm [Hepes], and
5.6 mM [glucose], pH 7.4 at 37 °C. Bovine albumin serum, clo-
trimazole, and TRAM-34 were obtained from Sigma. All of the
reagents were dissolved in isotonic saline and pH adjusted to 7.4
at 37 °C. Clotrimazole and TRAM-34 were dissolved in Me,SO
to a final concentration of maximally 0.5% Me,SO. Control
experiments to test the effect of Me,SO alone were conducted
and showed no interference with the results.

Data Analysis and Statistics—The data are presented as the
means=* S.E. The n value indicates number of individuals or mice.
The data were tested for normal distribution by Kolmogorov-
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verify the volume changes we pre-
viously observed in transmission
microscopy with DIC. First, we con-
firmed our previous findings with
DIC images. Fig. 1A shows images
of human erythrocytes 0, 2.5, and
5 min after HlyA stimulation (25
ng ml™'). Similar results were
obtained with HlyA-containing E. coli
supernatant (data not shown). Clear
shrinkage and crenation of the cells
were observed within 5 min of HIyA
stimulation. The FSC is generally
used directly as reflection of cell
volume, whereas SSC reports the
morphological complexity of the
cell. The SSC can, however, also
be used as a measure of cell volume
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FIGURE 1. Volume changes in human erythrocytes induced by HlyA from E. coli. A, representative DIC
images of erythrocytes before and after HlyA stimulation (~25 ng ml~"). Band C, representative traces show-
ing side scatter (B) and forward scatter (C) over time (0-45 min) after HlyA (3 ng ml~ ") is applied. Each dot
represents a single erythrocyte. The values on the y axis are arbitrary. D and E, mean normalized values of side
scatter (D) and forward scatter (E) over time (0-45 min) after HIyA (3 ngml~ ") is applied (open squares) and time
controls (filled circles). F, side scatter as a function of forward scatter at four time points (0, 5, 10, and 45 min)
after HlyAis added (3 ng ml~"). Each dot represents a single erythrocyte. The values on the axis are arbitrary and

shown as the means = S.E. (n = 8).

Smirnov test. Significant differences were determined by paired or
unpaired Student’s ¢ test or one-way analysis of variance (Tukey
post test) for multiple comparisons as appropriate. In both cases a
p value less than 0.05 was considered statistically significant.

RESULTS

HlyA from E. coli Induces Shrinkage, Swelling, and Lysis
of Human Erythrocytes—Previously we have reported that
HlyA produces a significant shrinkage of erythrocytes before
they finally swell and lyse. Here we use flow cytometry to

asEvie
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0 50 100 150 increase and FSC decrease slowly

recovered, reflecting the subse-
quent cell swelling. Fig. 1 (B and C)
shows representative experiments
of human erythrocytes exposed to
HIlyA (3 ng ml™") over time, and
mean values FSC and SSC are
shown in Fig. 1 (D and E). A similar
pattern was observed when the
HIyA concentration was increased to (10 ng ml '), which
resulted in 100% hemolysis in erythrocyte suspension of 0.02%
(supplemental Fig. S1, A-C). Please note that the initial popu-
lation of erythrocytes shows significant diversity in FSC,
reflecting the biconcave shape of the erythrocytes and the
random way they pass the laser beam in the flow cytometer.
After HlyA is added, the population becomes more uniform
because the biconcave shape is lost when the cells shrink and
swell (Fig. 1F). Similar results were seen with HlyA-contain-
ing E. coli supernatant (data not shown).
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HlyA Provokes an Increase in
[Ca?" ], in Human Erythrocytes—
HlyA is known to insert into the
erythrocyte membrane and creates
pores that render the membrane
permeable to smaller cations. The
significant HlyA-induced shrinkage
of the cells implies that the K* con-
ductance of the erythrocyte was ini-
tially much larger than the overall
cellular Na* conductance. HlyA
insertion is likely to activate a selec-
tive K* conductance, which pre-
sumably is the Ca*>*-activated K*
channel, K,3.1, or Gardos. There-
fore, we investigated whether HlyA
triggers changes in [Ca®*],. Fig. 24
shows a representative experiment
indicating the change in fluo 4 fluo-
rescence in a population of erythro-
cytes over time after the addition
of HlyA (3 ng ml™"). Within 2
min, there is a pronounced in-
crease of the population of red blood
cells showing [Ca®"], increase
(cells marked by red bars). In Fig.
2B one can observe that the increase
in [Ca®"], (marked in red), the cell
volume reduction, and crenation
(decrease in FSC and increase in
SSC) coincide in a subpopulation of
erythrocytes at times 0, 2, 6, and 10
min after the addition of HlyA. Fig.
2C shows the equivalent effect of
ionomycin (1 pum) on [Ca®']; as a
positive control. After 10 min all of
the cells show an increase in
[Ca®>*],(marked in red), with a
simultaneous rise in SSC and a
decrease in FSC (which equals cell
shrinkage) induced by ionomycin.
The percentage of cells that respond
to HIyA with an increase in [Ca®™]
([Ca®™], increasing cells) increase
with the time of incubation (Fig.
2D). Again, ionomycin (1 um) is
used as a positive control (Fig. 2E).
Similarly, HlyA induced a rise of
2.03 = 0.24 (n = 7, with blood from
three donors) in fluo-4 fluorescence
when single erythrocytes were
observed over time on an inverted
microscope (Fig. 2F). The repre-
sentative images of fluo 4-loaded
erythrocytes clearly show that the
[Ca®"], increase induced by HIyA
occurs prior to shrinkage and crena-
tion (Fig. 2G). The crenation starts
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: bation. At a concentration that
Clotrimazole (uM) TRAM-34 (uM)

causes 50% lysis (10 ng ml™'), both
FIGURE 3. The effect of K., 1. 3 channel inhibitors on HlyA-induced volume changes and lysis in human antagonists led to ~1.4 times
erythrocytes. A, the effect of clotrimazole (CLT, 20 uM, filled circles) on the changes in forward scatter induced . . .
by HIyA (3 ng ml™") compared with controls (open squares). B, shows the effect of TRAM-34 (10 um, filled Increase in hemoly51s. These data
triangles) on the change in forward scatter induced by HlyA (3 ng ml~") compared with controls (open squares).  strongly suggest that K.,3.1 chan-
Cand D,the corresponding changesin side scatter in response to cIotrjmazoIe andTRAM-34areshowninCand  po]¢ are essential for the volume reg-
D, respectively. All of the above values are normalized to time 0 and given as mean values * S.E. (n = 5-6). The R
hemolysis was measured as the level of released hemoglobin in the absence or presence of increasing con- ulations provoked by HlyA, and
centrations ofclotrimazo1le (E) and TRAM-34 (F) at two concentrations of HIyA leading to 20 and 50% lysis after  gctivation of these channels makes
60 min (5and 10 ng ml™ ', respectively). The values are given as the means * S.E. (n = 4-6). the cells less susceptible to pore-

73.2 * 4.14 s after the increase in [Ca® "], (measured in 106 cells forming toxins.

from six experiments, three donors). HIyA Activates the Ca”* -dependent CI~ Channel TMEMI16A—
HlyA Triggers an Activation of K,3.1/Gardos Channel—Be- Erythrocytes have a significant steady state CI~ conductance

cause our initial notion was that the shrinkage is the result of (11, 12). Therefore, in principle, it should not be necessary to

Ca®"-activated K™ efflux, we used two K,3.1 channels antag- ~ activate yet another Cl~ exit pathway to sustain the K™ efflux

onists, clotrimazole and TRAM-34, to address this question. At  during red cells shrinkage. Many cells do, however, show Ca®* -

FIGURE 2. Effect of HlyA on [Ca®*];in human erythrocytes. A, number of cells as a function of fluo 4 fluorescence signal shows two populations of cells at time
0,2, 6,and 10 min after HlyA is applied (3 ng mI~"). The population of cells with a substantial rise in [Ca®*]; (as indicated by the red bars) is defined as [Ca®*];
increasing cells. B, side scatter as a function of forward scatter at time 0, 2, 6, and 10 min after HlyA is applied (3 ng ml~"). The cells marked in red (the same
population as marked with the red bar in A show a rise in [Ca®"],. Each dot represents a single erythrocyte. The values on the axis are arbitrary. C, the
corresponding effect of the Ca®* ionophore, ionomycin. At the left the numbers of cells are shown as a function of fluo 4 fluorescence signal. Again during
control there are two populations of cells, one with low and a smaller with higher [Ca%*].. Only a single population of cells with high [Ca®*]; was observed after
ionomycin was applied (1 um, 10 min). At the right the side scatter is shown as a function of forward scatter during control, and 10 min after ionomycin was
applied. The cells marked in red (the same population as marked with a red bar in the left panels) show a rise in [Ca%*],. Each dot represents a single erythrocyte.
The values on the axis are arbitrary. D, the percentage of erythrocytes with arise in [Ca®"]; in response to HlyA. The values are the means = S.E. (n = 5).F, the
mean values of cells with a rise in [Ca®*]; after addition of ionomycin (1 um). The values are the means *+ S.E. (n = 5). F, the traces show the change in fluo 4
fluorescence over time in 23 erythrocytes in response to HlyA. G, imaging of fluo 4-loaded human erythrocytes exposed to HlyA (25 ng ml ™).

MAY 14, 2010-VOLUME 285-NUMBER 20  YASHMB JOURNAL OF BIOLOGICAL CHEMISTRY 15561


http://www.jbc.org/cgi/content/full/M109.082578/DC1
http://www.jbc.org/cgi/content/full/M109.082578/DC1
http://www.jbc.org/cgi/content/full/M109.082578/DC1

E. coli a-Hemolysin Activates K.,3.1 and TMEM16A

w
o
i

N
o
1

® TMEM16A*/*
OTMEM16A /-

w
o
!

Crenation (% cells) >
N
o

[y
o
!

o
1

0 10 20 30 40 50 60
Time (min)

w

50 *
40
30

20 1

Lysis (% cells)

10 1

0 10 20 30 40 50 60
Time (min)

FIGURE 4. HlyA-induced crenation and lysis in erythrocytes from
TMEM16A~'~ versus TMEM16A ™" mice. A, the number of erythrocytes
isolated from TMEM16A™* and TMEM16A~’~ mice, which crenate in
response to HlyA (25 ng ml ). B, the subsequent lysis of erythrocytes isolated
from TMEM16A /" and TMEM16A /" mice in response to HlyA. The values
are given as the means = S.E. (n = 8 for TMEM16A™/* mice and n = 6 for
TMEM16A /" mice). The asterisks indicate statistically significance between
the values obtained from TMEM16A~/~ and TMEM16A™* mice.

activated Cl~ conductance. Here we tested whether the newly
described Ca®*-activated C1~ channel TMEM16A is present in
erythrocytes and activated by the HlyA-induced [Ca®"],
increase. Because chloride channel blockers are generally non-
selective, we chose to study the HlyA-induced hemolysis in
TMEM16A-deficient mice (TMEM16A /7).

TMEM16A '~ mice have a severe phenotype, and the pups
die within the first 2 weeks after birth (8, 13). We studied the
erythrocytes using DIC microscopy and found a statistically
significant difference between the HlyA-induced hemolysis in
TMEM16A "'~ and TMEM16A ™" mice. The TMEM16A ™/~
showed a considerably less shrinkage and a higher level of lysis
relative to TMEM16A™’" mice, when incubated with HlyA (25
ng ml™%; Fig. 4). These data are supported by the nonselective
Cl™ channel blocker niflumic acid, which also potentiates the
HlyA-induced hemolysis in murine erythrocytes (supplemental
Fig. S3). Please note that murine erythrocytes are more sensi-
tive to HlyA compared with human (4). The TMEM16A™*/*
and TMEM16A /~ mice had similar erythrocyte size, mea-
sured as the diameter of the cells when plated on coverslips. The
diameter was 5.28 * 0.04 wm in the TMEM16A™*’" and 5.36 =
0.05 in the TMEM16 /" erythrocytes (counted in 100 cells
from five mice of each genotype), a similar hematocrit and
reticulocyte count (supplemental Fig. S4). Furthermore, the
osmotic resistance and the Coomassie SDS-PAGE were similar
in the erythrocytes from TMEM16A*" and TMEM16A ™/~
mice (supplemental Fig. S4).
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Role of CFTR and Aquaporin 1—We also investigated the
possible contribution of CFTR and aquaporin 1 in the HlyA-
induced hemolysis. There was no detectable difference in
the HlyA-induced hemolysis in CFTR™’~ and AQP1~'~
mice compared with wild type controls. In these experi-
ments, we studied the level of released hemoglobin 60 min
after HlyA (E. coli ARD6 supernatant, 25-50 ul m1~ 1) appli-
cation (supplemental Fig. S2).

HIyA Triggers PS Exposure in the Outer Leaflet—It is known
that increments in erythrocyte Ca>" concentration trigger an
early senescent response in red blood cells with exposure of PS
in the outer leaflet of the erythrocyte membrane (14). There-
fore, we explored whether HlyA likewise would cause PS expo-
sure. We used fluorescein isothiocyanate-conjugated annexin
V, a substance with high affinity for PS.

To be able to quantify the PS content in the outer leaflet of
the plasma membrane, one has to assure that the erythrocytes
remain intact. Normally, dyes that bind to DNA as propidium
iodide are used as indicators of cells with lost plasma membrane
integrity. In mammalian erythrocytes, which are anucleated,
this is not a very good marker of membrane integrity because
the dye does not accumulate in the cells. Therefore, we used a
very low concentration of HlyA (1 ng ml™") that only led to
shrinkage of ~15-20% of the cells within 10 min and do not
induce detectable cell lysis during our experimental conditions
(Fig. 5). We found a significant annexin V staining of ~10% of
the cells (Fig. 5, D—F). By comparing the highlighted regions in
Fig. 5 (B and E), we observed that the cells that experience the
fall in FSC and the increase in SSC also are the ones that show
increased annexin V binding. Furthermore, we were able to
confirm that inhibition of cell shrinkage also prevents PS expo-
sure (15), because both clotrimazole and TRAM-34 signifi-
cantly inhibited HlyA-induced PS exposure at a concentration
of 1 uM (Fig. 5G). These results support that the HlyA-induced
annexin V binding is not caused by cell lysis. If this was the case
the K¢,3.1 channel blockers, which amplify hemolysis, would
have increased and not reduced HlyA-induced annexin V
binding.

DISCUSSION

E. coli HIyA is well known to lyse erythrocytes by creating
~2-nm pores in the plasma membrane that allow influx of cat-
ions and water (1-3). Recently, we showed that HlyA-induced
lysis requires ATP release and P2 receptor activation (4), and
thus, the effect of HlyA pore insertion is amplified through
purinergic signaling. We also observed that HlyA-induced lysis
is a sequential process of initial shrinkage and crenation of
human and murine erythrocytes, followed by swelling and lysis.
In the present study, we investigated and defined the mecha-
nism of HlyA-induced erythrocyte shrinkage.

By DIC imaging, we confirmed our previous finding that
HlyA initially induces pronounced crenation of human red
blood cells (4). We were able to substantiate that these HIyA-
induced erythrocyte shape changes corresponded to cellular
volume reductions by flow cytometry. HlyA triggered a marked
decrease in FSC, reflecting a reduction of cell size and a simul-
taneous rise in SSC. Side scatter normally reports about the
number of refraction surfaces of the cell as it passes through the
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FIGURE 5. HIyA induced PS exposure (annexin V binding) in human erythrocytes is inhibited by K.,1. 3
channel antagonists. A and B, representative experiment showing side scatter as a function of forward scatter
during control (A) and after HlyA (1 ng ml~") is applied (B). The HlyA concentration (1 ng ml~') was adjusted to
completely avoid hemolysis during the observation period. The circled regions in A and B define shrunken cells.
C, mean value of erythrocyte shrinkage after HlyA is applied (n = 10). lonomycin (1 um) was used as a positive
control for cell shrinkage (n = 5). Dand E, annexin V binding in the same cells as shown in Aand B during control
(D) and after HIyA is applied (E). The boxed regions define cells which are both shrunken and positive for annexin
V staining. F, mean value of number of cells binding annexin V (n = 10). lonomycin (1 um) was used a positive
control for annexin V binding (n = 5). G, K-,1.3 channel antagonists reduce HlyA-induced PS exposure in
human erythrocytes. Erythrocytes incubated with annexin V during control and HlyA application (1 ng ml~ ") in
the absence or presence of either TRAM-34 (1 and 10 um) or clotrimazole (CLT, 1 and 5 um). The values are given

as the means = S.E. (n = 5-7). The asterisks indicate statistical significance.

laser beam and thus conveys information about the morpholog-
ical complexity of the given cell. It has been established that cell
volume reduction is proportional to an increased wide angle
light scatter (10), which is equivalent to the SSC in the flow
cytometer. The combination of a reduction in FSC and a rise in
SSC has previously been used to identify volume reduction in
erythrocytes after exposure to Ca®>* ionophores (14, 16). The
changes we observed in FSC and SSC occur simultaneously
with cell shape changes observed on the microscope. Thus, we
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[Ca®"], evidently rose prior to the
cell shrinkage. To our knowledge,
this is the first report of [Ca®"],
changes preceding shrinkage of
erythrocytes. In addition, the single
cell [Ca®"], measurements indicate
that HlyA-induced [Ca®"]; increase
is an all-or-none response. Either
the cells showed a marked rise in
[Ca®>"], or the cells seemed com-
pletely unaffected by HlyA. Only on
rare occasions were fluctuating
[Ca®>"], levels observed in single
cells. Thus, it is tempting to specu-
late that only one or very few toxin
molecules are necessary to trigger
the cell damaging effects, support-
ing earlier studies (19, 20).

The precise Ca®>* entry mecha-
nism for HlyA-induced [Ca®"],
changes has not been settled. It is,
however, very likely that Ca**
enters the cell through HIyA itself
because it has a significant Ca®"
conductance (5, 20). Ca®** could
also potentially enter through non-
selective cation channels such as
TRPC6 (21), P2X receptors (22), or
via pannexin 1 channels (23), where
the latter two are known to be acti-
vated upon HIyA exposure (4).

HIyA inflicts a substantial loss of K*, which starts shortly
after the erythrocytes have been subjected to the toxin (2, 5).
Part of the total cellular K™ loss results from lysis. However, the
initial K efflux, which occurs before there is substantial cell
lysis, is likely to cause the extensive volume reduction seen in
the early phases of HlyA-induced hemolysis. This resembles
what has been observed with Ca®>" ionophores (17, 24). A good
candidate for an activated K" efflux pathway is the K.,3.1
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channel (SK, or Gardos channel); the only Ca**-activated K"
channel known to be present in erythrocytes (25, 26). Activa-
tion of this channel causes erythrocyte dehydration, a mecha-
nism crucial for sickle formation in sickle cell anemia (27). In
line with this, we found that inhibitors of K,3.1, clotrimazole,
and TRAM-34 blocked the HlyA-induced shrinkage. This is
consistent with reduced Ca®>" ionophore-induced erythrocyte
shrinkage in K,3.1-deficient mice (28), and it is reasonable to
conclude that the HlyA-induced shrinkage is caused by Ca**-
activated K™ efflux through K,3.1 channels. Preventing the
cell volume reduction inflicted by K.,3.1 channels by either
clotrimazole or TRAM-34 clearly potentiated the hemolysis
induced by HlyA. This supports previous data showing that
K,3.1 7/~ mice are more susceptible to osmotically (28) and
a-toxin-induced hemolysis (29). Thus, our data support that
cell shrinkage is a protective mechanism to avoid acute lysis.
Cellular K™ efflux occurs concomitantly with anion efflux, and
erythrocytes do have a significant resting Cl~ conductance (11,
12). Therefore, we speculated that a substantial increase in K*
efflux might require activation of additional Cl™ channels,
which could implicate the function of a Ca*>*-activated CI~
channel in erythrocytes.

The poor selectivity of ClI™ channel antagonist makes it
difficult to dissect eventual activation of an additional C1™
conductive pathway during HlyA-induced erythrocyte shrink-
age. Nonselective Cl~ channel blockers such as NPPB and
niflumic acid have been shown to counteract the Ca®>" iono-
phore-induced cell shrinkage in human erythrocytes (30).
Recently, the protein TMEM16A (or ANO1) has been substan-
tiated as a Ca®"-activated Cl~ channel and has been shown to
play a role in volume regulation of colonic epithelial and sali-
vary acinar cells (13). Therefore, we compared TMEM16A '~
versus TMEM16A ™" murine erythrocytes from newborn lit-
termates. Erythrocytes from TMEM16A ~/~ mice showed a sig-
nificantly lower level of HlyA-induced shrinkage compared
with TMEM16A ™", Asa consequence, lysis of TMEM16A '~
erythrocytes occurs much faster than TMEM16A ™' controls.
The TMEM16A '~ cells were still able to shrink and thus, not
surprisingly other anion channels contribute overall volume
reduction. Our data do, however, point to a significant role of
TMEM16A for HlyA-induced volume regulation and lysis in
murine erythrocytes. In further support of these data, we found
that niflumic acid potentiated HlyA-induced hemolysis of
murine erythrocytes. Because CFTR has been proposed to be
implicated in Gd**-induced hemolysis (31), we tested whether
this is also the case for HlyA-induced hemolysis but found no
difference in response to HlyA in CFTR™/~ and CFTR"'"
erythrocytes.

Studies have shown that bacterial toxins such as listeriolysin
from Listeria monocytogenes and the hemolysin from Vibrio
parahemolyticus provoke shrinkage of erythrocytes and/or PS
exposure (32, 33). In agreement, we found that HlyA triggers
significant annexin V binding (which indicates PS exposure) in
erythrocytes. The HlyA-induced PS exposure was considerably
diminished, when the erythrocyte shrinkage was prevented by
inhibition of the Ca*" activated K* channel, K,3.1. This
means that K,3.1 channel-activation is likely to precede the
increase in PS exposure. This finding is supported by an earlier
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study that showed reduced ionomycin-induced PS exposure in
human erythrocytes exposed to K,3.1 antagonists (15). In this
context, it should be mentioned that P2X,, receptor activation
alone is enough to trigger PS exposure in human erythrocytes
(22). Our previous study established that P2X., receptors are
activated by HIyA insertion in the erythrocyte membrane and
that P2X., receptor activation is required for lysis of human
erythrocytes induced by this toxin (4). Interestingly, Jorgensen
et al. (20) observed small surface projections within 5 min of
HlyA exposure similar to the membrane blebbing seen after
P2X., receptor activation in lymphocytes (34). These findings
could imply a role for P2 receptor signaling in HlyA-induced
volume regulation, but this requires further investigation.

The K,3.1- and TMEM16A-mediated volume reduction
and the associated PS exposure are interesting in the context of
erythrocyte recognition by macrophages and elimination from
the circulation. Through the clear correlation between PS
exposure, cell size, and cell age, it has been shown that macro-
phages use specific detection of PS exposure to eliminate senes-
cent erythrocytes from the circulation (35, 36). Acute damage
to the erythrocytes by Ca®" ionophores, energy depletion, oxi-
dative stress, osmotic shock, and malaria infections provoke
shrinkage of erythrocytes and/or PS exposure (16, 32, 33,
37-39). Thus, it seems that both senescent and acutely dam-
aged red blood cells are eliminated through the same pathway,
and we speculate that K,3.1 and TMEMI16A activation allow
early recognition and removal of erythrocytes attacked by
HlyA. Previous studies have shown that erythrocytes from
septic patients show severe signs of volume reduction and
crenation (40, 41) and PS exposure (42). Patients that survive
fulminate sepsis usually present with some degree of anemia,
which is partially a consequence of intravascular hemolysis
and partially the result of selective removal of damaged red
blood cells (42).

Taken together, the present study implies that the process of
hemolysis induced by HIyA from E. coli is biphasic. Initially,
HlyA triggers extensive cellular shape changes and volume
reduction. These changes are the consequence of increments in
[Ca®*],, which result in K,3.1 and TMEM16A activation and
are accompanied by increased PS exposure. This mechanism
might be essential for the recognition and removal of HlyA-
inserted erythrocytes from the circulation, thereby avoiding
intravascular hemolysis during Gram-negative sepsis.
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