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Abstract
The resting membrane potential of the human erythrocyte is largely determined by a constitutive
Cl- conductance ∼100-fold greater than the resting cation conductance. The 4,4′-
diisothiocyanostilbene-2,2′-disulfonic acid (DIDS)-sensitive electroneutral Cl- transport mediated
by the human erythroid Cl-/HCO3

- exchanger, AE1 (SLC4A1, band 3) is ≥10,000-fold greater than
can be accounted for by the Cl- conductance of the red cell. The molecular identities of conductive
anion pathways across the red cell membrane remain poorly defined. We have examined red cell
Cl- conductance in the Ae1-/- mouse as a genetic test of the hypothesis that Ae1 mediates DIDS-
sensitive Cl- conductance in mouse red cells. We report here that wildtype mouse red cell membrane
potential resembles that of human red cells in the predominance of its Cl- conductance. We show
with four technical approaches that the DIDS-sensitive component of erythroid Cl- conductance is
reduced or absent from Ae1-/- red cells. These results are consistent with the hypothesis that the Ae1
anion exchanger polypeptide can operate infrequently in a conductive mode. However, the fragile
red cell membrane of the Ae1-/- mouse red cell exhibits reduced abundance or loss of multiple
polypeptides. Thus, loss of one or more distinct, DIDS-sensitive anion channel polypeptide(s) from
the Ae1-/- red cell membrane cannot be ruled out as an explanation for the reduced DIDS-sensitive
anion conductance.
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Introduction
The red cell Cl-/HCO3

- exchanger, AE1 (SLC4A1, Band 3) is present in 1.2 × 106 copies per
red cell. The main anion function of AE1 is to allow erythroid cytosolic carbonic anhydrase to
increase the total CO2 carrying capacity of the blood. This process maximizes the transfer of
CO2 from the respiring tissues to the lungs, while the hemoglobin of the red cell maximizes
transfer of O2 from the lungs to the respiring tissues [1]. The high anion permeability of the
red cell membrane exceeds by 104 -fold its anion conductance [2;3], which itself exceeds by
10- to 100-fold the membrane's resting cation conductance [4;5;6].

It has long been assumed that red cell anion exchange and anion conductance are both mediated
by AE1, since both anion exchange and conductance exhibit parallel sensitivities to the
irreversible stilbene disulfonate inhibitor 4,4′-diisothiocyanostilbene-2,2′-disulfonic acid
(DIDS) [2] and the reversible inhibitor 4,4′-diintrostilbene-2,2′-disulfonic acid (DNDS) [7].
The complications incurred by attribution of a conductive pathway to a normally electroneutral
anion exchanger with an apparently obligatory sequential (“ping-pong”) mechanism gave rise
to postulates of “slippage” (a stoichiometrically uncoupled or loosely coupled transporter-like
translocation across the lipid bilayer permeability barrier of the empty anion binding site) or
“tunneling” (a channel-like conductive anion transfer following an unusual gating event, or in
the absence of any conformational change in the polypeptide). Several lines of evidence have
been advanced against the “slippage” mechanism [8;9;10], and the data have been considered
compatible with “tunneling” [7].

Numerous solute transporters and exchangers expressed in Xenopus oocytes or reconstituted
in proteoliposomes or lipid bilayer exhibit uncoupled conductive modes of transport [11;12].
Among these is trout AE1, [13;14], unique in this property among AE1 polypeptides studied
to date. The maximal oocyte surface expression of AE1 (estimated ≤5 ×108 per oocyte based
on unidirectional influx values at 20°C; Alper et al., unpublished) and its estimated conductive
turnover number (3-30 sec-1 in red cells) are likely too low to detect the postulated AE1-
mediated current over the considerable background anion conductance of the oocyte. We thus
addressed AE1's role in red cell anion conductance through comparison of DIDS-sensitive
Cl- conductance in red cells from wild-type and Ae1-/- mice [15]. We reasoned that persistence
of this conductance in Ae1-/- red cells would prove its independence from the Ae1 polypeptide.
In contrast, absence of the conductance from these cells would be consistent with DIDS-
sensitive anion exchange and DIDS-sensitive anion conductance representing two transport
modes of the Ae1 polypeptide.

We assessed red cell Cl- conductance indirectly in three ways. The first approach monitored
change in membrane potential measured as the change in extracellular pH (pHo) in a suspension
of CCCP-treated red cells in the presence and absence of valinomycin [4]. The second approach
measured the rate of change of corpuscular hemoblobin concentration (mean) (CHCM) and
mean corpuscular volume (MCV) in valinomycin-treated red cells [16]. The third approach
measured 86Rb efflux from valinomycin-treated red cells [2;3;9;17]. We then directly measured
whole cell Cl- currents by patch-clamp recording of nystatin-permeabilized mouse red cells.
Each of these methods revealed the DIDS-sensitive component of Cl- conductance in Ae1-/-

red cells to be reduced or undetectable, consistent with a role for mouse Ae1 polypeptide in
the DIDS-sensitive component of erythroid Cl- conductance.

Materials and Methods
Drugs and chemicals

Dimethylsulfoxide (DMSO) was from Fisher (Pittsburgh, PA). DIDS and choline chloride
were from Calbiochem (LaJolla, CA). Tris(hydroxymethyl)aminomethane (TRIS) was from
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Mallinckrodt (St. Louis, MO), 3-(N-morpholino)propanesulfonic acid (MOPS) was from
Research Organics (Cleveland, OH). Sucrose was from Serva Biochemicals (Paramus, NJ).
NS-3623 was the kind gift of P. Christophersen, (Neurosearch, Ballerup, Denmark). 86RbCl
was from NEN-Dupont (Boston, MA). Carbonyl cyanide m-chlorophenylhydrazone (CCCP),
valinomycin, ruthenium red, Triton X-100, and all other salts and chemicals were from Sigma
(St. Louis, MO).

Erythrocyte preparation
Human blood was collected from normal donors in accordance with protocols approved by the
Clinical Investigations Committee of Children's Hospital Boston. Blood collected in a
heparinized Vacutainer tube was centrifuged at 3000 × g for 10 min in an SS34 rotor. After
removal of the buffy coat, the cells were washed five times with human wash solution
containing (in mM) 152 choline chloride, 1 MgCl2, 10 Tris-MOPS, pH 7.40 at 4°.

Mouse blood was collected from ether-anesthetized or Inactin-anesthetized mice by cardiac
puncture into heparinized tubes, in accordance with protocols approved by the Institutional
Animal Care and Use Committee of Beth Israel Deaconess Medical Center and of The Jackson
Laboratories. All mouse red cell experiments except patch clamp were performed with mouse
blood pooled from three to six mice of identical genotype. After removal of the buffy coat, the
cells were washed three times in mouse wash solution containing (in mM) 172 choline chloride,
1 MgCl2, 10 Tris-MOPS, pH 7.40 at 4°. Care was used in handling and centrifuging the fragile
Ae1-/- red cells to minimize hemolysis.

Red cell indices were determined by H*3 RTX blood analyzer (Siemens Medical Solutions
Diagnostics, Tarrytown, NY) calibrated as specified by the manufacturer for human or for
mouse red cells [18]. Red cell cation content was measured by atomic absorption spectrometry
as previously described [19].

Measurement of red cell membrane potential as reflected by the equilibrium proton
distribution

Indirect measurement of membrane potential (Vm) by pH equilibration was as described [4]
with modifications [20]. Erythrocytes washed twice at room temperature with unbuffered
medium of desired composition were added to 0.5 ml of the same medium under stirring to a
final 5% hematocrit. All media contained the protonophore CCCP (50 μM) with final DMSO
≤0.5%. In the presence of CCCP, changes in Vm are reflected by change in pHo since H+ is
kept in equilibrium across the membrane, such that Vm = RT/F (pHi - pHo). The medium was
maintained at 37°, and pHo was recorded for 1 min prior and 5 min following addition of red
cells. The high buffer capacity of the red cell maintains pHi nearly constant for the duration of
the experiment. Thus, pHi was estimated from the lysate pH following addition of 20 ml of
10% (v/v) Triton X-100 to the stirring cell suspension in unbuffered medium [5]. Red cell
pHi was 7.09±0.06 (n=9) in Ae1+/+ and 7.08±0.04 (n=6) in Ae1-/- mice.

Vm was perturbed by changing either extracellular [K+] or [Cl-]. External [K+] was varied from
4 to 140 mM by addition of concentrated KCl to unbuffered wash medium, in the absence or
presence of 1-3 μM valinomycin (Fig. 1A,B). Theoretical Vm was calculated as RT/F ln
[K+]i/[K+]o. Alternatively, in the absence of valinomycin, [Cl-] was varied from 1 to 140 mM
by addition of concentrated choline chloride to unbuffered isotonic sucrose/MgCl2 (Figs. 1C,D
and 2). Results did not differ when Cl- was added as either the Na+ or K+ salt. In some
experiments, [Cl-] was varied by equimolar substitution with the poorly permeant tartrate anion
(Fig 4). In cells unexposed to DIDS or to methazolamide, Cl- has a transference number close
to 1. Theoretical Vm was calculated as RT/F ln[Cl-]i/[Cl-]o.
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Measurement of anion conductance by valinomycin-induced 86Rb efflux
Valinomycin-induced 86Rb efflux from red cells was measured as described [17], with
modifications. Washed mouse red cells were preincubated at 37° for 90 min at 20% hematocrit
in efflux medium containing 10 mCi/ml 86Rb+. 86Rb+-loaded red cells were resuspended at
1-2% hematocrit in efflux medium, and maintained at 37° in a shaking water bath. Valinomycin
(final 1-3 μM) was added to initiate the efflux assay, and aliquots of cell suspension were taken
at 30, 60, and 120 sec time points. Cells and medium were rapidly separated by centrifugation
through mineral oil, and cpm of the supernatant and pellet determined by Gamma counting.
Data were plotted as ln (% cpm remaining) vs. time.

Measurement of red cell anion conductance by valinomycin-activated volume decrease
Washed mouse red cells (pooled from 3-8 mice) were equilibrated at 23° in a shaking water
bath at 2% hematocrit in flux medium containing (in mM) 169 NaCl, 1 KCl, 5 Na HEPES, pH
7.4. After 5 min, 1-3 μM valinomycin was added to the flask. 0.25 ml samples of suspension
were aspirated at intervals into the sample port of the H*3 RTX blood analyzer to determine
valinomycin-induced changes in mean cell volume (MCV) and in mean corpuscular
hemoglobin concentration (CHCM), as described [16] with modification. Some cell
suspensions were pretreated for 30 min with DIDS (10 μM), and used without further washing
for experiments.

Nystatin-permeabilized whole cell patch clamp of red cells
Washed mouse erythrocytes were stored until use at 4° in preservation solution ((in mM 140
KCl, 10 NaCl, 1 MgCl2, 10 glucose, 1 Na-Phosphate, pH 7.40) then resuspended in bath
solution (in mM, 140 N-methyl-D-gluconate chloride, 1 CaCl2, 1 MgCl2, 5 Hepes, pH 7.40).
0.5 mL of dilute red cell suspension was placed on a small coverslip and mounted in a low
volume bath on the stage of an inverted microscope. Borosilicate pipettes (Corning 7052)
pulled in two stages on a Narashige puller were fire-polished to resistances of 10-20 MΩ.
Pipette solution contained (in mM) 140 CsCl, 1CaCl2, 1 MgCl2, 5 HEPES, pH 7.40. Whole
cell access was attained with the nystatin-permeabilized patch technique [21]. The pipette was
backfilled with pipette solution containing 100 μM nystatin, then front-filled with nystatin-free
pipette solution. In a typical experiment, attainment of a 20 GΩ cell-attached seal was followed
within ∼3 min by a decrease in pipette resistance to ∼3 GΩ, indicative of transition from cell-
attached to whole cell configuration as first reported in frog erythrocytes [6] and subsequently
in human [22] and mouse red cells [23].

Currents were recorded with an Axopatch 1-D amplifier, interfaced to a HP Vectra computer
via a Digidata 1200 A/D board. The voltage pulse protocol was executed with Clampex
software (Pclamp 6.04, Axon Instruments). Capacitance was measured by transient analysis
of the current pulse elicited by stepping to 100 mV [24], yielding estimates consistent with
those measured by phase-locked integration of currents elicited by sinusoidal voltage protocols
[25].

Measurement of other red cell ion transport activities
K-Cl cotransport activated by hypotonic swelling was measured as extracellular Cl--dependent
net K+ efflux, as previously described [18]. Gardos channel activity was measured as 1 μM
A23187-activated 86Rb+ influx sensitive to 10 μM clotimazole as described [26]. Red cell
cation content was measured by atomic absorption as described [18].

Immunoblot detection of red cell membrane proteins
Mouse red cell ghosts were prepared by hypotonic lysis in 5 mM Tris pH 8.0 containing 100
μg/ml phenylmethylsulfonylfluoride and solubilized in LAemmli load buffer. Samples
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normalized by original cell number were subjected to 4-20% gradient SDS-PAGE, then
transferred to nitrocellulose. Immunoblots used either alkaline phosphatase-coupled anti-Ig
(Jackson ImmunoResearch, West Grove, PA) with development by bromochloroindolyl-
phenol/nitroblue tetrazolium (Kirkegaard and Perry, Gaithersburg, MD), or peroxidase-
coupled anti-Ig for enhanced chemiluminescence detection (Perkin-Elmer/ NEN, Boston,
MA). Primary antibodies recognizing AE1[15;27], ankyrin [28;29], spectrin [29], protein 4.1
[30], AQP1 [31], GLUT1 [32], mouse glycophorins [33], protein 4.2 [34] and Na+,K+-ATPase
α subunit (mAb α5) [35] were previously described.

Results
Measurement of Vm by the CCCP method is valid for mouse red cells

Fig. 1A shows that neither human nor mouse cells altered Vm over a 10-fold range of [K+].
However, in the presence of valinomycin, both mouse and human red cell membranes were
appropriately dominated by K+ conductance as [K+] was varied between 5 and 50 mM (Fig.
1B). Fig. 1C confirms that both human and mouse cells in the absence of valinomycin changed
Vm as a function of [Cl-] nearly as predicted for a Cl--selective electrode. These data confim
that the estimation of membrane potential by measurement of the proton gradient across CCCP-
treated red cells is also valid for mouse red cells. DIDS treatment of red cells from either human
or mouse inhibited and, below 30 mM [Cl-], nearly completely blocked membrane
depolarization (Fig. 1D), as shown previously for human red cells with DIDS and
methazolamide [20]. Thus, the Cl- conductance of the mouse erythrocyte, like that of the human
red cell, has a large DIDS-sensitive component which predominates below 30 mM Cl- in these
experimental conditions.

Ae1-/- mouse red cells lack the DIDS-sensitive component of depolarization induced by
lowering bath Cl-

Vm of red cells from Ae1+/- and Ae1+/+ mice responded to varying bath Cl- nearly identically,
reflecting the native Cl- conductance of the red cell membrane in the absence of valinomycin.
However, Ae1-/- red cells failed to depolarize at bath [Cl-] below 60 mM, although at higher
[Cl-] Vm changed normally as Cl- was varied (Fig. 2A). In the presence of DIDS (Fig. 2B), the
profile of Vm vs. [Cl-] was unchanged at high [Cl-]. However, at low [Cl-], the Vm profiles of
red cells from both Ae1+/+ and Ae1+/- mice resembled that of Ae1-/- cells. Thus, Ae1-/- red cells
lack the DIDS-sensitive component of Cl- conductance as detected from [Cl-]-dependent
changes in Vm measured by the CCCP method.

Increasing bath [K+] from 4 to 140 mM in the absence of valinomycin did not change Vm in
Ae1+/+ mouse red cells, but produced a modest depolarization in Ae1-/- mouse or human red
cells, suggesting that K+ conductance might be more prominent relative to anion conductance
in Ae1-/- red cells than in Ae1+/+ cells. However, in the presence of valinomycin, Ae1-/- red
cells were indistinguishable from Ae1+/+ red cells in their depolarizing responses to increasing
bath [K+] (Fig. 3A).

The DIDS-resistant proportion of mouse red cell anion conductance during increases of bath
SCN- from 1 to 140 mM was larger at negative Vm than in the presence of bath Cl-, but smaller
at positive Vm than in the presence of bath Cl-. Nonetheless, across the entire range of Vm
values in SCN- bath, the DIDS-sensitive conductance was absent in mouse Ae1-/- red cells (Fig.
3B).

In human red cells, Vm values above +20 mV to +40 mV activate a nonspecific cation
conductance [20;36] [37] characterized by sensitivity to inhibition by ruthenium red at
concentrations as low as 10 μM [20] or by ruthenium red insensitivity with Cl--dependence
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(detected by tartrate substitution) [37]. However, as shown in Fig. 4, the DIDS-sensitive
depolarization induced by lowering bath [Cl-] either in human (A) or in CD1 mouse red cells
(B) was insensitive to 50 μM ruthenium red. Fig. 4 also shows that the CCCP method yielded
similar profiles of Vm vs. bath [Cl-] when ionic strength was maintained at near constant values
by tartrate substitution, as compared to the profiles of Figs. 2 and 3 in which ionic strength was
not controlled during variation of [Cl-]. Interestingly, in the presence of tartrate, the DIDS-
insensitive component of Cl- conductance evident at negative membrane potentials was not
apparent. DIDS-sensitive depolarization was completely abolished in Ae1-/- red cells in tartrate,
and the Cl--insensitive Vm in these tartrate-exposed cells was completely insensitive to
ruthenium red (n=2, not shown). Thus, the depolarization induced by low bath Cl- in normal
mouse red cells likely reflects anion conductance. Any possible contribution to Vm by
depolarization-activated cation conductance over the range of Vm is more similar to that
observed by Rodighiero et al. [37] than to that observed by Halperin et al. [20].

Valinomycin-treated Ae1-/- mouse red cells exhibit decreased DIDS-sensitive 86Rb+ efflux
After permeabilization of red cells by the K+-specific ionophore, valinomycin, the conductive
efflux of K+ is limited by the cellular Cl- conductance. As shown in Fig. 5, the rate constant
for 86Rb+ efflux from Ae1+/+ mouse red cells was inhibited 49±7% (n=6) by 10 μM DIDS. The
rate constant for 86Rb+ efflux from Ae1+/- red cells was similarly inhibited by 45% (n=2). In
contrast, Ae1-/- mouse red cells exhibited a much lower rate of 86Rb+ efflux, which was
inhibited only 17±8% by DIDS (n=4, p < 0.02 compared to Ae1+/+ red cells). Thus, DIDS
inhibited 50% of mouse red cell Cl- conductance as measured by valinomycin-
induced 86Rb+ efflux, and ∼2/3 of that component was absent in red cells lacking Ae1.

Valinomycin-treated Ae1-/- mouse red cells exhibit reduced DIDS-sensitive MCV decrease
and enhanced DIDS-sensitive CHCM increase

In the presence of non-rate-limiting Cl- conductance, the valinomycin-activated K+ efflux from
red cells illustrated in Fig. 5 was associated with a decrease in cell volume (MCV) and a
corresponding increase in intracellular hemoglobin concentration (CHCM). Fig. 6 shows that
DIDS pretreatment of Ae1+/+ mouse red cells itself increased MCV by almost 5 fL, and
conversely decreased CHCM by >2 g/dL. This effect of DIDS occurred as rapidly as could be
measured, and was consistent with previous reports [16;38;39]. However, addition of
valinomycin to Ae1+/+ red cells initiated a decrease in cell volume and an increase in CHCM
whose rate was diminished by 10 μM DIDS. In 6 similar experiments, DIDS inhibited the rate
of MCV decrease by 42±8% and the rate of CHCM increase by 56±5%. In Ae1-/- mouse red
cells, in contrast, both the rapid DIDS effect on cell volume and the DIDS-sensitive components
of valinomycin-induced changes in MCV (4±2%) and in CHCM (1±1%) were abolished (n=9).
Red cells from Ae1+/- mice exhibited wild-type responses to DIDS, with 52±11% inhibition
of valinomycin-induced CHCM increase (n=4) and 34±6% inhibition of valinomycin-induced
MCV decrease (Fig. 6). Thus, DIDS inhibited ∼40-50% of valinomycin-induced changes in
light scattering and hemoglobin absorbance in wildtype mouse red cells, but lack of Ae1
polypeptide was associated with absence of the DIDS-sensitive components of these
hematological indices.

DIDS-sensitive anion currents are absent in Ae1-/- mouse red cells
To complement the above indirect measurements of red cell Cl- conductance, whole cell Cl-
currents were measured directly in nystatin-permeabilized mouse red cells (Fig. 7) with Cl- as
the sole permeant ion (see Methods). Since Ae1-/- red cells are smaller and have lower surface
area than wild-type cells [15;40], currents were normalized by cell capacitance: 2.7±0.8 pF for
Ae1+/+ cells, and 1.7±0.5 pF for Ae1-/- cells (n=8). Ae1-/- red cells exhibited reduced normalized
whole cell current magnitude, 33% that of wild-type cells measured at -100 mV and 31% at
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+100 mV (p=0.05, Fig. 7A and Table 1). DIDS inhibited Ae1+/+ cell current at -100 mV by 45
±10% (p<0.02) and mean conductance by 45%, whereas the reduced anion current of Ae1-/-

cells exhibited no sensitivity either to DIDS (Fig. 7B and Table 1) or to the anion transport
inhibitor NS3623 [41] (n=4, data not shown). Unexpectedly, DIDS modestly increased
conductance and current measured at +100 mV in Ae1-/- red cells (Fig. 7C).

Proteins of the Ae1-/- red cell membrane
Although all the above data is consistent with the hypothesis that DIDS-sensitive Cl-
conductance of the red cell is mediated by Ae1, the DIDS-sensitive Cl- conductance might be
mediated by an independent polypeptide whose presence in the red cell membrane requires the
Ae1-dependent integrity of normal membrane protein composition and lipid bilayer stability
[15;40]. Therefore, we evaluated the polypeptide composition of the Ae1-/- red cell membrane
from mice of three ages. Fig. 8 shows, as previously reported [15], that in Ae1-/- membranes
the abundance of cytoskeletal proteins ankyrin and spectrin was reduced, and protein 4.2 was
completely absent, whereas protein 4.1 abundance was normal. The high Mr glycophorins of
the mouse red cell were also absent, as noted previously [42], whereas the nominal glycophorins
of lower Mr were reduced but not absent. Aqp1 abundance increased with age, but was
substantially reduced in abundance in the absence of Ae1, with apparent loss of complex
glycosylation as previously noted [43]. The α subunit of Na+,K+-ATPase was also greatly
reduced in Ae1-/- red cells, in concert with the 2-3-fold elevation of intracellular Na+ content
(not shown, and [15]. In contrast, abundance of Glut1 in neonatal red cells was normal, and
was normally reduced at age 6 days before later disappearance from the red cell, evident at age
9 wks. Bound Ig content was elevated in Ae1-/- red cell at ages 1 and 6 days, but was
undetectable in either Ae1-/- or wildtype red cells at age 9 wks.

Additional altered properties of Ae1-/- red cells included a two-fold elevation of Cl--
independent K+ efflux, and an 80% reduction in swelling-activated K-Cl cotransport from 6.3
±0.17 (n=5) to 0.95 (n=2) mMol/(L cells × min). Moreover, Gardos channel activity mediated
by Kcnn4/IK1 was increased ∼15-fold in Ae1-/- red cells from 0.064±0.014 (n=9) to 1.11 (2)
mMol/(L cells × min) (data not shown). The decreased abundance or absence of multiple
intrinsic and extrinsic proteins of the red cell membrane, along with altered regulation of other
ion transporters, thus complicates interpretation of the absence of DIDS-sensitive Cl-
conductance in red cells of the Ae1-/- mouse.

Discussion
The resting conductance of the human erythrocyte membrane is dominated by its anion
conductance. This anion conductance is a therapeutic target in the adjunct treatment of sickle
cell disease and other hemoglobinopathies through remediation of pathological red cell
dehydration [41;44]. The terythroid Cl- conductance has components sensitive and insensitive
to inhibition by DIDS. but the molecular identities of the polypeptides mediating the two
components of anion conductance remain unknown. For many years, the DIDS-sensitive
component of red cell anion conductance has been attributed to a low-frequency non-exchange
mode of AE1 function pharmacologically similar to AE1-mediated anion exchange. This Cl-
conductance has been measured largely by net flux studies in rate-limiting conditions conferred
by addition of cationophore, but the mechanism of the hypothesized AE1-mediated
conductance has been unclear. As evidence favoring a “slippage” mechanism has not been
forthcoming, a “tunneling” mechanism has been proposed [7]. In the time since, uncoupled
leak conductances accompanying ion transport have been identified for cotransporters of amino
acids, neurotransmitters, and metals, and most recently (in the presence of polyatomic anions)
in CLC Cl-/H+ exchangers [45] and SLC26 Cl-/anion exchangers [46]. Among AE1
polypeptides, however, only trout AE1-mediated anion exchange is accompanied by an anion
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conductance that can be altered by mutagenesis of individual amino acid residues whose
mutation does not necessarily alter anion exchange [13;14].

We have confirmed that anion conductance also dominates the resting conductance of the
mouse red cell membrane, and that approximately half of that anion conductance is DIDS-
sensitive. We show by four methods that the DIDS-sensitive component of mouse red cell
Cl- conductance is greatly reduced or absent in Ae1-/- red cells. These data are consistent with
the hypothesis that Ae1 mediates the DIDS-sensitive Cl- conductance in mouse red cells.
However, the profoundly altered protein composition of the fragile Ae1-/- red cell membrane
allows for the continued possibility that the Ae1-/- red cell membrane has lost one or more anion
channel polypeptides that mediate(s) DIDS-sensitive Cl- conductance, possibly but not
necessarily in collaboration with the Ae1 polypeptide.

Ae1 as mediator of DIDS-sensitive anion conductance in the red cell
In human red cells, several experimental findings have challenged the hypothesis that DIDS-
sensitive Cl- conductance is mediated by AE1 “slippage” (normal operation of the anion
exchanger with an occasional conformational half-cycle of the carrier without bound substrate).
As summarized by Frohlich [7], Cl- conductance (measured as valinomycin-triggered net K
efflux) did not require extracellular Cl-, and increased without saturation proportionate to
increasing symmetrical [Cl-] or with either variant of unilateral increase in the presence of
fixed contralateral [Cl-]. Anion selectivity (as rank order of rates) differed for conductance and
exchange, although anion selectivity of DIDS-sensitive and DIDS-insensitive components of
conductance was indistinguishable. Conductance activation energy was much lower than the
activation energy for anion exchange. In addition, anion conductance and exhange differed in
sensitivity to pharmacological inhibition. Thus, NAP-taurine and phloretin each were more
effective inhibitors of anion exchange than of anion conductance. However, phloretin at
concentrations ineffective for inhibition of conductance blocked conductance inhibition by
DNDS.

We observed the DIDS-sensitive component of anion conductance in mouse red cells (40-50%)
to be slightly lower than the 59-65% reported for DIDS- or DNDS-sensitive anion conductance
in human red cells [2;9;10;16]. Membrane potential measured by the CCCP method revealed
a higher proportion of DIDS-sensitive anion conductance at more positive values of Vm than
at more negative values. This observation was consistent with the smaller proportion of DIDS-
sensitive anion conductance detected by valinomycin-activated 86Rb+ efflux under
hyperpolarizing conditions. It was similarly consistent with the outward rectification of the
DIDS-sensitive component of current recorded by nystatin-permeabilized whole cell patch
clamp in Ae1+/+ red cells. The DIDS-sensitive component of anion conductance was greatly
reduced in Ae1-/- red cells as measured indirectly by the CCCP method (Figs. 2,3), by
valinomycin-activated 86Rb+ efflux (Fig. 5), by autoanalyzer measurement of MCV and
CHCM (Fig. 6), and directly by nystatin-permeabilized patch clamp (Fig. 7). In the presence
of tartrate, the proportional contribution to total anion conductance of the DIDS-sensitive
component was greatly increased (Fig. 4), and was absent in Ae1-/- red cells, suggesting that
tartrate permeability of the DIDS-insensitive conductance is minimal. Ruthenium red-sensitive
cation conductance did not apparently contribute to low Cl--induced depolarization at the most
positive values of Vm (Fig. 4).

Effects of lack of Ae1 on other membrane proteins
As noted previously [15;43], the absence of Ae1 from the mouse red cell membrane is
accompanied by major deficits of several cytoskeletal and transport proteins (Fig. 8). In
addition, K-Cl cotransport was downregulated while Cl--independent K+ efflux was increased.
The Cl--independent component may reflect in part the increased activity of the clotrimazole-

Alper et al. Page 8

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sensitive Ca2+-activated K+ permeability (Gardos channel) activity assigned to the IK1/Kcnn4
polypeptide [47;48;49] likely resulting in turn from the elevated resting intracellular [Ca2+] in
Ae1-/- red cells [50]. This remarkable biochemical remodeling of the red cell membrane in the
absence of Ae1, in concert with increased membrane fragility and shape instability, is likely
caused by the lack of the intrinsic stabilization of membrane lipid and other protein contributed
by Ae1 as the major intrinsic protein of the red cell membrane [15], substantially independent
of the Ae1-Ank1 linkage [51]. This instability of membrane protein composition challenges
the conclusion that Ae1 mediates both DIDS-sensitive anion conductance and anion exchange,
since one or more DIDS-sensitive Cl- channels may be among the many polypeptides lost from
the fragile plasma membrane of the Ae1-/- mouse red cell.

The relationship between the mediator(s) of DIDS-sensitive anion conductance in the human
and mouse red cells, and the anion conductance associated with wildtype trout AE1 [13]
remains unclear. Engineered removal of transmembrane spans 6 and 7 from human AE1
elicited DIDS-sensitive anion conductance in parallel with a decrease in anion exchange
activity [52]. In contrast, several individual missense mutations in AE1 associated with
spherocytic or ovalocytic variants of stomatocytosis elicited apparent cation conductance of
variable stilbene sensitivity in parallel with decreased anion exchange activity [53;54]. As
evident from mutagenesis studies of the ClC superfamily, some of which are Cl- channels and
some electrogenic Cl-/H+ exchangers [55], small changes in structure may produce apparently
large changes in function and mechanism.

The still-mysterious rapid effect of DIDS on MCV and CHCM was clearly not dependent on
the presence of Ae1 in the membrane, nor was it dependent on the presence of the intact
membrane protein profile of the Ae1+/+ red cell. The original reports of the DIDS-induced
MCV increase in human red cells [39] noted the increase within seconds to tens of seconds,
with maximal effect at nominal 0.1-0.2 μM DIDS, and without accompanying detectable cation
influx. However, other components of the only ∼80% pure DIDS preparations, such as IADS
[56] may act on red cells rapidly and potently enough to contribute to this effect. This AE1-
independent effect of “DIDS” is a reminder that even in the red cell, 10 μM DIDS cannot be
considered a highly specific drug.

Possible identity of mediator(s) of the DIDS-insensitive anion conductance
As true for the DIDS-sensitive conductance, the molecular identity of the one or more mediators
of DIDS-insensitive conductance of the human and mouse red cell remains unknown.
Forskolin-activated anion currents insensitive to DIDS but sensitive to glibenclamide have
been recorded in Plasmodium falciparum-infected human red cells, and these currents are
absent from plasmodium-infected cells from cystic fibrosis patients homozygous for the ΔF508
mutation [57]. Similar currents reported in uninfected human red cells share mechanosensitive
gating, halide permselectivity of (I- > Br- > Cl-), and ATP permeability [58], distinguishing
them from CFTR expressed in recombinant systems or in most native epithelia. Such currents
have not been recorded in uninfected or Plasmodium-infected mouse erythrocytes. Apparently
CFTR-dependent ATP release from both human and mouse red cells has been reported [59;
60], but subsequent observations have not detected immunological evidence for CFTR
expression in human erythrocytes [61].

Swelling-activated, voltage-dependent, and oxidation-sensitive anion conductance has also
been observed in Plasmodium falciparum-infected human red cells [62]. Similar currents
recorded in Plasmodium berghei-infected mouse erythrocytes were absent from plasmodium-
infected Clcn2-/- red cells [23]. The relationship between this current and the 80 pS outwardly
rectifying anion conductance upregulated in red cells of cystic fibrosis patients [58] remains
unclear.
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Estimates of total red cell conductance vary according to method
Past measurements of human red cell conductance have proven dependent on experimental
technique. Use of valinomycin to make native Cl- conductance limiting for K+ efflux yielded
whole cell conductance values of 1-4 × 10-5 S · cm-2. Measurements with voltage-sensitive
fluorescent dyes produced lower estimates of 1-3 × 10-6 S · cm-2 (summarized in [63]).
Microelectrode measurements of membrane impedance at low frequencies extrapolated to
values ≤ 5-7 × 10-6 S · cm-2 [64]. With assumptions of mouse red cell intracellular [K+] of 160
mM [65] and a mouse red cell surface area of 90 cm2 [66]), the observed rate of valinomycin-
induced 86Rb+ efflux (Fig. 5) corresponds to a mouse red cell conductance of 6.9 × 10-5 S ·
cm-2. The valinomycin-triggered (light scattering-defined) volume change in mouse red cells
(Fig. 6) provides a lower estimate of whole cell conductance of 3 × 10-6 S · cm-2. Both of these
estimates are within or near the range of human red cell conductance values previously reported
for each method.

Our nystatin-permeabilized on-cell patch recordings of -50 pA inward current at -100 mV in
NMDG Cl bath (Fig. 7, Table 1) indicate a directly measured mouse red cell conductance of
5.5 × 10-4 S · cm-2. With an assumed human red cell surface area of 135 μm2 [67;68],
conventional whole cell patch clamp of normal human red cells in symmetrical NaCl yielded
similar values of 4.0 × 10-4 S · cm-2 in the negative voltage range and 9.6 × 10-4 S · cm-2 in
the positive range [69]. Lower human red cell conductance values were reported by Desai et
al. [70] at <7 × 10-5 S · cm-2, and by Huber and colleagues [56;62;71;72] at 3.7, 5.2, and 9.1
× 10-5 S · cm-2 in asymmetrical NaClo/Na gluconatei, increasing to 1-2 × 10-4 S · cm-2 in
symmetrical Na gluconate [71;72]. Rodighiero et al. reported the highest values of 7-13 ×
10-3 S · cm-2 [37].

Thus, our value of mouse red cell conductance directly measured by nystatin-permeabilized
on-cell patch clamp lies in the exponential mid-range of previously reported human red cell
conductance values measured by conventional whole cell patch clamp. These values, extending
across 2.5 orders of magnitude, were obtained with borosilicate pipets of similar tip resistance
(8-20 MΩ) producing comparable Gigohm seals, and without apparent relationship to the use
of symmetrical or asymmetrical anion solutions. The similar values for proportional DIDS
sensitivity of whole cell anion conductance observed across the wide range of conductance
values obtained by the several analytical methods applied in the current work indicates that the
higher conductance values from patch clamp measurements include both DIDS-sensitive and
-insensitive components of anion conductance, and cannot be adequately explained either by
pipet edge leak or by nystatin leak from the pipet into adjacent membrane. The mechanical
stress imposed on the red cell membrane by pipet contact, seal formation, and (for conventional
whole cell recording) either electrical pulse or suction, or (for permeabilized patch) potential
lipid bilayer perturbation by ionophore each might contribute to the distinctly higher values of
whole red cell conductance recorded by patch clamp.

Conclusion
DIDS-sensitive anion conductance in Ae1-/- mouse red cells is reduced or absent as determined
by four technical approaches. The data are consistent with mouse Ae1-mediated anion
conductance by a “tunneling” mechanism, but in themselves are not informative about
conductance mechanism. More importantly, the ability to assign DIDS-sensitive anion
conductance to Ae1 function is confounded by the decreased abundance or loss of multiple
proteins from fragile Ae1-/- red cell membranes. Definitive implication of wildtype Ae1 in
mediation of anion conductance will require techniques allowing acute abrogation of Ae1
function while leaving most if not all other membrane proteins intact during the assay period.
Such approaches might include chromophore-assisted [73] or fluorophor-assisted laser
inactivation [74].
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Figure 1.
Vm measured by the CCCP method in human red cells (asterisks connected by solid lines) and
in CD1 mouse red cells (filled squares connected by dotted lines). Vm was measured as a
function of bath [K+] in the absence (A) or presence of 3 μM valinomycin (B, representative
of 3 similar experiments), or as a function of bath [Cl-] in in the absence (C) or presence of 10
μM DIDS (D, representative of 5 similar experiments).
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Figure 2.
Vm measured by the CCCP method in red cells from Ae1-/-, Ae1+/-, and Ae1-/- mice as a function
of bath [Cl-] in the absence (A) or presence of 10 μM DIDS (B). Representative of 5 similar
experiments.
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Figure 3.
A. Vm measured by the CCCP method in red cells from Ae1-/-, Ae1+/-, and Ae1-/- mice during
sequential changes in bath [K+] in the absence or presence of 3 μM valinomycin. Representative
of 3 similar experiments. B. Vm measured by the CCCP method in red cells from Ae1-/-,
Ae1+/-, and Ae1-/- mice as a function of bath [SCN-] in the absence of Cl-. Representative of 3
similar experiments.
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Figure 4.
Vm was measured by the CCCP method in human red cells (A, n=4) or in CD1 mouse red cells
(B, n=7) during sequential changes in bath [Cl-] with equimolar substitution by tartrate, in the
absence or presence of 10 μM DIDS, 50 μM ruthenium red, or both (n=4).
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Figure 5.
The DIDS-sensitive component of valinomycin-activated 86Rb+ efflux is inhibited in Ae1-/-
mouse red cells. 3 μM valinomycin was added to 86Rb+-loaded red cells from Ae1-/-, Ae1+/-,
and Ae1-/- mice, in the absence or presence of 10 μM DIDS as indicated.
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Figure 6.
The DIDS-sensitive component of valinomycin-actvated cell shrinkage in Ae1+/+ mouse red
cells (left panels) is absent in Ae1-/- red cells (right panels). Aliquots of cells incubated in the
absence (squares) or presence of 10 μM DIDS (circles) were removed at the indicated times
and analyzed by the H3 autoanalyzer for MCV (upper panels) and for CHCM (lower panels).
Valinomycin (3 μM) was added at t=2.5 min (filled symbols) or was omitted (open symbols).
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Figure 7.
Whole cell Cl- currents recorded in the nystatin-permeabilized patch clamp configuration from
Ae1+/+ (left) and from Ae1-/- mouse red cells (right). Representative family of current traces
recorded during voltage steps in the absence (A) or presence of 10 μM DIDS (B). C. Mean I-
V curves recorded from Ae1+/+ (n=8) and Ae1-/- red cells (n=9) in the absence (open circles)
and presence of 10 μM DIDS (closed circles). Currents are capacitance-normalized.
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Figure 8.
Immunoblots showing expression of the indicated membrane proteins in red cells from
Ae1-/- and from Ae1+/? or Ae1+/+ mouse red cells at postnatal ages of 1 day, 6 days, and 9 wks.
Representative of two to five similar experiments.
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