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Abstract

In neurons alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors are heteromeric cation channels composed of
different sub-units, including GluA1-GluA4. When expressed without GluA2, AMPA receptors function as Ca2+-permeable cation channels.
In erythrocytes, activation of Ca2+-permeable cation channels triggers suicidal erythrocyte death or eryptosis, which is characterized by
cell shrinkage and cell membrane scrambling with subsequent exposure of phosphatidylserine at the cell surface. Activators of the channels
and thus eryptosis include removal of extracellular Gl (replaced by gluconate) and energy depletion (removal of glucose). The present
study explored whether GIuA1 is expressed in human erythrocytes and whether pharmacological AMPA receptor inhibition modifies
ca’" entry and suicidal death of human erythrocytes. GIuA1 protein abundance was determined by confocal microscopy, phos-
phatidylserine exposure was estimated from annexin V binding, cell volume from forward scatter in FACS analysis, cytosolic ca’"
concentration from Fluo3 fluorescence and channel activity by whole-cell patch-clamp recordings. As a result, GluA1 is indeed expressed
in the erythrocyte cell membrane. The AMPA receptor antagonist NBQX (1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sul-
fonamide) inhibited the cation channels following CI™ removal and the eryptosis following ClI™ removal or energy depletion. The present
study reveals a novel action of AMPA receptor antagonists and raises the possibility that GluA1 or a pharmacologically related protein
participates in the regulation of Ca’" entry into and suicidal death of human erythrocytes.
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Introduction

Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors are tetramers composed of four sub-units GIuA1-GluA4
[1, 2]. They are responsible for generating excitatory synaptic
responses [1]. If expressed without GIuA2, GluA1 may form ca’*-
permeable cation channels [3]. Excessive activation of AMPA
receptors may lead to neuronal apoptosis [3—11] and may sup-
press glial cell proliferation [12, 13]. Glutamate receptors are
expressed in non-neuronal cells [14, 15], in which they similarly
may influence apoptosis [14].
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Erythrocytes express Ca2+-permeable cation channels
[16-21]. Excessive activation of those channels triggers suicidal
erythrocyte death or eryptosis [22], which is characterized by
exposure of phosphatidylserine (PS) at the erythrocyte surface
[23-26]. PS exposure results from phospholipid scrambling of the
cell membrane [27, 28]. The Ca2+-permeable cation channels are
activated by osmotic shock, oxidative stress and energy depletion
[17-19, 29]. Besides triggering cell membrane scrambling, ca®*
activates Ca®"-sensitive K* channels [30, 31], leading to exit of
KCI with osmotically obliged water and thus to cell shrinkage [32].
The shrinkage fosters cell membrane scrambling [33]. Effects of
cytosolic ca’t on phospholipid scrambling are potentiated by
ceramide [34].

Experiments aiming at the molecular identification of the ca®*
entry mechanism have shown the contribution of TRPC6 [35].
However, albeit blunted, ca’t entry into erythrocytes is still
observed in TRPC6 knockout mice [35]. Thus, additional channel
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proteins must contribute to the observed ca’t entry. The present
study explored whether GluA1 is expressed in human erythrocytes
and whether AMPA receptor blockage influences ca’" entry into
and suicidal death of erythrocytes.

Materials and methods

Volunteers

Four to six different leukocyte-depleted erythrocyte concentrates provided
by the blood bank of the University of Tiibingen were studied. For retrieval
of the concentrates, citrate was used as anticoagulant. Prior to our exper-
iments, the concentrates were stored at 4°C in the commonly used SAG
mannitol solution (0.41-0.26 ml/ml concentrate) with CPD stabilizer solu-
tion (0.015-0.007 ml/ml concentrate). Hundred milliltres of SAG mannitol
solution contained 0.877 g NaCl, 0.9 g glucose, 0.0169 g adenosine and
0.525 g mannitol. Hundred milliltres of CPD stabilizer solution contained
0.327 g citric acid monohydrate, 2.63 g sodium citrate, 2.55 g glucose
monohydrate and 0.251 g sodium dihydrogenphosphate. The erythrocyte
concentrates were 7-20 days old when starting the experiment.
Furthermore, erythrocytes from EDTA blood freshly retrieved from volun-
teers were investigated. The study is approved by the Ethical Commission
of the University of Tiibingen.

Solutions

The experiments were performed at 37°C in Ringer solution containing (in
mM) 125 NaCl, 5 KCI, 1 MgS0s, 32 N-2-hydroxyethylpiperazine-/N-2-
ethanesulfonic acid (HEPES)/NaOH (pH 7.4), 5 glucose, 1 CaClo. Where
indicated, Cl " was substituted for gluconate or glucose was removed. The
AMPA receptor inhibitor NBQX (1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-
benzo[f]quinoxaline-7-sulfonamide) and CNQX (6-cyano-7-nitroquinoxa-
line-2,3-dione) were obtained from Sigma (Schnelldorf, Germany).

Phosphatidylserine exposure and forward scatter

After incubation, erythrocytes were washed once in Ringer solution con-
taining 5 mM CaClz [36]. The cells were then stained with Annexin V-Fluos
(Roche, Mannheim, Germany) at a 1:500 dilution [37]. After 15 min., sam-
ples were measured by flow cytometric analysis (FACS-Calibur from
Becton Dickinson, Heidelberg, Germany). Cells were analyzed by forward
scatter, and annexin V fluorescence intensity was measured in fluores-
cence channel FL-1 with an excitation wavelength of 488 nm and an emis-
sion wavelength of 530 nm.

Measurement of intracellular Ca®"

After incubation, erythrocytes were washed in Ringer solution and then
loaded with Fluo-3/AM (Calbiochem, Bad Soden, Germany) in Ringer solu-
tion containing 5 mM CaCl2 and 2 M Fluo-3/AM [38]. The cells were incu-
bated at 37°C for 20 min. and washed twice in Ringer solution containing
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5 mM CaClo. The Fluo-3/AM-loaded erythrocytes were re-suspended in
200 wl Ringer. Then, Ca“-dependent fluorescence intensity was meas-
ured in fluorescence channel FL-1 in FACS analysis [39].

Patch-clamp recordings

Patch pipettes made of borosilicate glass (150 TF-10, Clark Medical
Instruments, Pangbourne, UK) were pulled using a horizontal DMZ puller
(Zeitz, Martinsried, Germany). Pipettes with high resistance from 8 to 12
M were connected via a Ag—AgCl wire to the headstage of an EPC 9 patch-
clamp amplifier (HEKA, Lambrecht/Pfalz, Germany). Data acquisition and
data analysis were controlled by a computer equipped with an ITC 16 inter-
face (Instrutech, Lambrecht/Pfalz, Germany) and by using Pulse software
(HEKA) as already described [17]. For current measurements (room tem-
perature), erythrocytes were held at a holding potential (\4) of =30 mV, and
200 msec. pulses from =100 to +100 mV were applied in increments of
20 mV. The original whole-cell current traces are depicted without filtering
(acquisition frequency of 5 kHz). The currents were analyzed by averaging
the current values measured between 90 and 190 msec. of each square
pulse (I-V relationship). The applied voltages refer to the cytoplasmic face of
the membrane with respect to the extracellular space. The offset potentials
between both electrodes were zeroed before sealing. The liquid junction
potentials between bath and pipette solution and between the bath solu-
tions and the salt bridge (filled with NaCl bath solution) were calculated
according to Barry and Lynch [40]. Data were corrected for liquid junction
potentials. The pipette solution contained (in mM) 125 Na-gluconate, 10 NaCl,
1 MgATP, 1 EGTA and 10 HEPES/NaOH (pH 7.4). The recorded cells were
superfused with standard NaCl bath solution containing (in mM) 145 NaCl,
5 KCI, 10 HEPES/NaOH, 5 p-glucose, 2 MgCl2 and 1 CaClz (pH 7.4). In
Na-gluconate bath solution, CI~ was substituted for gluconate. NMDG-
gluconate bath solution contained (in mM) 180 N-methyl-D-glucamine
(NMDG)-gluconate, 10 HEPES/NMDG, 1 MgCl2 and 1 CaClz (pH 7.4).

Preparation of erythrocyte ghosts

Ten microliters of banked erythrocytes were lysed at 4°C in 2 ml hypotonic
buffer containing 10 mM HEPES/NaOH (pH 7.4) and a protease inhibitor
cocktail tablet (Roche). Ghost membranes were pelleted at 17,0009 for
15 min. at 4°C and re-suspended in 10 wl Ringer solution. The ghost
membranes were then subjected to confocal microscopy.

Confocal microscopy

Fresh EDTA whole blood or erythrocyte ghosts prepared from banked ery-
throcyte concentrates were taken and suspended in PBS (EDTA blood) or
Ringer (ghosts) at a cell density of 5 X 107 cells/ml. Ten to 20 wl of the
suspension were smeared onto a glass slide that was air dried for 30 min.
and then fixed with methanol for 2 min. After four washing steps with PBS
for 10 min., the specimen was blocked by incubation with 10% goat
serum. Following three washing steps with PBS for 5 min., the specimen
was incubated with rabbit GluR1 antibody (1:200; Millipore, Billerica, MA)
at 4°C overnight. The slide was washed again three times for 5 min. and
then incubated with Cy3-conjugated Affinipure goat anti-rabbit antibody
(Jackson Immuno Research, Hamburg, Germany) at room temperature for
1.5 hrs. Then, the specimen was mounted using Prolong® Gold antifade
reagent (Invitrogen, Karlsruhe, Germany). Images were taken on a Zeiss
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LSM 5 EXCITER confocal laser scanning microscope (Carl Zeiss
Microlmaging GmbH, Géttingen, Germany) with a water immersion Plan-
Neofluar 40 or 63/1.3 NA DIC. As a control for the specificity of the primary
antibody, erythrocytes from mice lacking GluA1 (GluA1 ’/') and from their
wild-type littermates (GIuA1 ”*) were retrieved (EDTA blood) and similarly
analyzed in confocal microscopy.

Statistics

Data are expressed as arithmetic means + S.E.M., and statistical analysis
was made by AnovA using Tukey’s test as post hoc test or by two-tailed
t-test, as appropriate. P < 0.05 was considered as statistically significant.

Results

Confocal microcopy was used to explore whether GluA1 is expressed
in human erythrocytes. As illustrated in Fig. 1, upper panels, a prepa-
ration of human whole blood indeed revealed the expression of
GluA1 in the cell membrane of human erythrocytes. Similarly, GluA1
could be detected in the membranes of erythrocyte ghosts (Fig. 1,
middle panel). To check for the specificity of the antibody against
GluA1, the antibody was probed against erythrocytes from GluA1-
deficient mice (g/uA1_/’) and from their wild-type littermates
(gluA1™"*). As shown in Fig. 1, lower left panel, GluA1 could be
readily detected in g/uA1+/ * erythrocytes, whereas no signal was
observed in g/uAf/' erythrocytes (Fig. 1, lower right panel).

Whole-cell patch-clamp recordings were performed to eluci-
date the sensitivity of the Ca2+-permeable cation channels of
human erythrocytes for the AMPA receptor blocker NBQX. In con-
firmation of earlier observations, a cation channel could be
observed in the absence of CI™ (Fig. 2). NBQX added to the bath
solution at a concentration of 10 wM significantly decreased the
cation current (Fig. 2). However, a residual cation conductance
was observed even in the presence of NBQX. Consequently, sub-
stitution of Na™ by impermeable NMDG ™ in the bath solution led
to a prominent decrease of the rest inward current and to the shift
of the reversal potential (Fig. 2). The patch-clamp experiments
thus reveal that NBQX-sensitive cation channels contribute to the
cation conductance of human erythrocytes.

Further experiments were performed to elucidate whether the
channel modifies the intracellular Ca®>* concentration. According
to Fluo3 fluorescence, Cl deficiency (replacement of CI™ by glu-
conate) markedly increased the cytosolic ca’t activity in human
erythrocytes (Fig. 3). Similarly, energy depletion (incubation of
erythrocytes in glucose-free solution) was followed by a signifi-
cant increase in the intracellular Ca®>* concentration (Fig. 3).
Exposure to NBQX (10 or 50 wM) significantly blunted the
increase in the intracellular Ca?* concentration in erythrocytes fol-
lowing CI" removal and glucose depletion. The effect of 50 wM
NBQX was more pronounced than the effect of 10 WM NBQX (Fig. 3).

Stimulation of Ca®* entry and the resulting increase in the
cytosolic Ca™ activity are expected to activate Ca’"-sensitive K™
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channels with following cell shrinkage [32]. The forward scatter of
human erythrocytes as a measure of cell volume was indeed
decreased by both Gl removal and glucose depletion (Fig. 4).
Treatment with the AMPA receptor blocker NBQX (50 M) signif-
icantly blunted the decrease of forward scatter following Cl—
removal (Fig. 4). Lower concentrations of NBQX (10 M) tended
to increase the forward scatter in the absence of CI™ or glucose,
an effect, however, not reaching statistical significance.

Stimulation of Ca®" entry further triggers cell membrane
scrambling with subsequent PS exposure [23-26, 41]. As illus-
trated in Fig. 5, annexin V binding of human erythrocytes was
indeed enhanced by both ClI™ removal and glucose depletion. The
presence of NBQX (10 or 50 wM) significantly blunted the increase
in annexin V binding following CI" removal and glucose depletion
(Fig. 5). In a further series of experiments, we compared the
inhibitory potency of NBQX in freshly drawn blood with that in
banked erythrocytes. As a result, following CI™ removal for 48 hrs,
the percentage of annexin V-binding banked erythrocytes
approached 39.0 = 5.9% in the absence and 16.9 = 0.8% in the
presence of 50 wM NBQX (n = 8). Exposure of freshly drawn ery-
throcytes to Gl -free Ringer resulted in 36.9 + 4.6% annexin
V-binding cells in the absence and in 11.1 = 2.2% annexin
V-binding cells in the presence of 50 wM NBQX (n = 4-6). Thus,
NBQX was similarly effective in freshly drawn blood and banked
erythrocytes.

Additional experiments explored whether the anti-eryptotic
efficacy of NBQX is shared by the other AMPA receptor blocker
CNQX. As a result, in the presence of 50 wM CNQX, the percent-
age of annexin V binding following CI™ removal for 48 hrs was
significantly (P < 0.05) decreased from 31.9 + 5.2% (n = 16) to
14.0 = 2.8% (n = 16).

Discussion

The present study reveals a novel element in the regulation of
erythrocyte survival. Both genetic and pharmacological evidence
suggest that GluA1 contributes to the Ca2+-permeable cation
channels, Ca’" entry, cell shrinkage and phosphatidylserine (PS)
exposure of mature erythrocytes. Accordingly, GIuA1 or a pharma-
cologically similar channel presumably participates in the orches-
tration leading to suicidal death of erythrocytes.

PS-exposing erythrocytes are bound to PS receptors on
macrophages [42], which engulf and degrade PS-exposing cells
[43]. Accordingly, PS-exposing erythrocytes are rapidly cleared
from circulating blood [44]. Therefore, enhanced eryptosis has
been observed in a variety of clinical conditions associated with
anaemia [45]. Moreover, eryptosis may affect the microcircula-
tion, as PS-exposing erythrocytes may hind to the vascular wall
and participate in blood clotting [46-52]. As a matter of fact, sui-
cidal erythrocytes have been proposed to participate in vascular
injury of metabolic syndrome [53]. Finally, oxidative stress may
limit the life span of stored erythrocytes [54].
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Fig. 1 Expression of GIuA1 in erythrocytes. (A) Examination of GluA1 expression in different erythrocyte preparations. The two upper panels show
GluA1-dependent fluorescence in human erythrocytes. The middle panel depicts GluA1-dependent fluorescence in human erythrocyte ghosts. The lower
panels illustrate GluA1-dependent fluorescence in murine gluA7+/+ (left panel) and gluAf/’(right panel) erythrocytes.

© 2009 The Authors 3683
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



A

Na-gluconate
T +NBQX

-
w

NMDG-gluconate
+NBQX

-1

current [pA]
o]

40 80
voltage [mV]

a \uconate
9 -12-

B Na-gluconate
[—1Na-gluconate+NBQX
CINMDG-gluconate+NBQX

0.12 I
hd
0.08
0.06
0.03
0 -

Fig. 2 Inhibition of the non-selective cation channels by NBQX in human ery-
throcytes. (A) Mean current voltage (I-V) relationships (+ S.E.M., n = 6) of
human erythrocytes recorded in Na*-gluconate (closed squares), then in Na-
gluconate + 10 M NBQX (open triangles) and then in NMDG-gluconate +
10 wM NBQX (open diamonds) bath solutions. (B) Mean conductance of the
inward currents (= S.E.M., n = 6) recorded as in (A) calculated by linear
regression between —100 mV and —40 mV in Na*-gluconate (closed bar), Na-
gluconate + 10 .M NBQX (open bar) and NMDG-gluconate + 10 M NBQX
(striped bar). * (P < 0.05) indicates significant difference (one-way ANOVA).
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Fig. 3 Cytosolic Ca>" concentration in human erythrocytes. (A) Histogram
of Fluo3 fluorescence in a representative experiment of human erythrocytes
exposed for 48 hrs to plain Ringer (1, red line) or to CI" -depleted Ringer
without (2, black line) or with AMPA receptor blocker NBQX (50 M, 3, blue
line). (B) Arithmetic means = S.E.M. (n = 16) of the normalized Fluo3 flu-
orescence in human erythrocytes exposed for 48 hrs to plain Ringer (white
bars), to CI"-depleted Ringer (grey bars) or to glucose-free Ringer (black
bars) in the presence of 0-50 .M NBQX. ### indicates significant differ-
ence from plain Ringer (anovA, P < 0.001). *, *** indicate significant dif-
ference from the absence of NBQX (anova, P < 0.05, P < 0.001).
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Fig. 4 Forward scatter in human erythrocytes. (A) Histogram of forward
scatter in a representative experiment of human erythrocytes exposed for
48 hrs to Cl -depleted Ringer without (1, blue line) or with AMPA receptor
blocker NBQX (2, black line). (B) Arithmetic means = S.E.M. (7 = 12-16)
of the normalized forward scatter of human erythrocytes exposed for 48 hrs
to plain Ringer (white bars), to CI" -depleted Ringer (grey bars) or to glu-
cose-free Ringer (black bars) in the presence of 0-50 M NBQX. ### indi-
cates significant difference from plain Ringer (anova, P < 0.001). * indicates
significant difference from the absence of NBQX (anova, P < 0.05).
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Fig. 5 Annexin V binding of human erythrocytes (A) Histogram of
annexin V binding in a representative experiment of human erythrocytes
exposed for 48 hrs to plain Ringer (1, red line) or to Gl -depleted Ringer
without (2, black line) or with AMPA receptor blocker NBQX (50 wM, 3,
blue line). (B) Arithmetic means + S.E.M. (n = 16) of the percentage of
annexin V-binding human erythrocytes exposed for 48 hrs to plain
Ringer (white bars), to CI -depleted Ringer (grey bars) or to glucose-
free Ringer (black bars) in the presence of 0-50 M NBQX. ### indicates
significant difference from plain Ringer (anova, P < 0.001), *** indicates
significant difference from the absence of NBQX (anova, P < 0.001).

According to our observations, AMPA receptor triggering does
not only affect the survival of neurons [3-5, 7-11] and glial cells
[12, 13] but may similarly affect erythrocyte survival. It should be
kept in mind, though, that NBQX and CNQX could exert effects
other than blocking AMPA receptors.

Parallel death of erythrocytes and neurons has led to the term
neuroacanthocytosis, which is characterized by nervous system
abnormalities in association with acanthocytosis in the patients’
blood. The disorder may be caused by a defect of the cytoskeletal
protein 4.1 [55]. The protein regulates the surface expression and
activity of GluA1 [56-58].
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Neuronal and erythrocyte survival are further affected in parallel
by a mutation within GLUT-1 turning the glucose carrier into a cation
channel [59]. Affected individuals of the family suffered from exer-
tion-induced dyskinesia, epilepsy, mild developmental delay, reduced
CSF glucose levels and haemolytic anaemia with echinocytosis [59].

AMPA receptors are further regulated by phospholipase A2
[60], which similarly participates in the regulation of erythrocyte
cation channels and erythrocyte survival [61].

Most recently, expression of AMPA receptor sub-units have
been discovered in platelets and shown to participate in blood
coagulation [15]. Accordingly, in mice lacking GluA1 the time
required to complete thrombosis is prolonged [15]. It should be
kept in mind that PS-exposing erythrocytes adhere to the vascular
wall [46, 48, 49, 53] and thus may contribute to haemostasis [46].

J. Cell. Mol. Med. Vol 13, No 9B, 2009

In conclusion, ca’t entry into erythrocytes is blunted by an
AMPA receptor antagonist. The present observations disclose a
completely novel effect of AMPA-modulating drugs and unravel a
novel parallelism between erythrocyte and neuronal survival.
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