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Abstract Survival of the malaria pathogen Plasmodium

falciparum in host erythrocytes requires the opening of new

permeability pathways (NPPs) in the host cell membrane,

accomplishing entry of nutrients, exit of metabolic waste

products such as lactate and movement of inorganic ions

such as Cl-, Na? and Ca2?. The molecular identity of NPPs

has remained largely elusive but presumably involves sev-

eral channels, which partially can be activated by oxidative

stress in uninfected erythrocytes. One NPP candidate is

aquaporin 9 (AQP9), a glycerol-permeable water channel

expressed in erythrocytes. Gene-targeted mice lacking

functional AQP9 (aqp-/-) survive infection with the

malaria pathogen Plasmodium berghei better than their

wild-type littermates (aqp9?/?). In the present study whole-

cell patch-clamp recordings were performed to explore

whether ion channel activity is different in erythrocytes

from aqp-/- and aqp9?/? mice. As a result, the cation

conductance (K? [ Na? [ Ca2? � NMDG?) was signif-

icantly lower in erythrocytes from aqp-/- than in erythro-

cytes from aqp9?/? mice. Oxidative stress by exposure for

15–30 min to 1 mM H2O2 or 1 mM tert-butyl-hydroper-

oxide enhanced the cation conductance and increased

cytosolic Ca2? concentration, effects significantly less

pronounced in erythrocytes from aqp-/- than in erythro-

cytes from aqp9?/? mice. In conclusion, lack of AQP9

decreases the cation conductance of erythrocytes, an effect

that possibly participates in the altered susceptibility of

AQP9-deficient mice to infection with P. berghei.

Keywords Red blood cell � New permeability pathway �
Plasmodium � Malaria � Ca2? � Oxidative stress

Introduction

Infection with the malaria pathogen Plasmodium causes

300–500 million clinical cases and 1–3 million deaths per

year (Kristoff 2007). Plasmodium spp. invade erythrocytes

and depend for intraerythrocytic survival on a dramatic

increase of transport across the cell membrane matching the

extensive nutrient requirements of the pathogen (Kirk 2001).

As a result, an infected erythrocyte takes up 40–100 times

more glucose than a noninfected erythrocyte (Kirk 2001).

The pathogen accomplishes the required transmembrane

transport by induction of the so-called new permeability

pathways (NPPs) (Ginsburg and Kirk 1998). NPPs transport

nutrients, waste products and electrolytes such as Cl-, Na?

and Ca2? (Kirk 2001). Electrolyte transport is required for

maintenance of osmotic equilibrium and cell volume as well

as for adjustment of the electrolyte composition of the host

cytosol to the requirements of the parasite (Foller et al. 2009).

Accordingly, intraerythrocyte survival of the pathogen is

disrupted by inhibition of NPPs (Breuer et al. 1987; Ginsburg

1994; Kirk et al. 1993; Kirk and Horner 1995; Kutner et al.

1987). The percentage of infected erythrocytes is further
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decreased by removal of extracellular Ca2? (Brand et al.

2003; Wasserman et al. 1982; Wasserman 1990).

NPP is composed of inwardly rectifying anion channels

(Desai et al. 2000; Egee et al. 2002; Huber et al. 2002; Staines

et al. 2003), outwardly rectifying anion channels (Huber

et al. 2002; Staines et al. 2003) and nonselective cation

channels (Desai et al. 1996; Duranton et al. 2003; Staines

et al. 2001; Thomas et al. 2001).

The pathogen imposes oxidative stress on the host cell

(Atamna et al. 1994; Atamna and Ginsburg 1993, 1997;

Becker et al. 1994; Ginsburg and Atamna 1994), which

contributes to activation of the channels (Huber et al. 2002).

The molecular identity of the ion channels underlying NPP

have remained elusive (Staines et al. 2007). Presumably, NPP

is composed of several channels activated or inserted in

Plasmodium-infected erythrocytes (Huber et al. 2005). One of

those channel proteins may be aquaporin 9 (AQP9), which is

expressed in erythrocytes and allows the passage of glycerol

(Liu et al. 2007). The channel is considered to be a broadly

selective neutral solute channel, being permeable to polyols,

carbamides, purines and pyrimidines and inhibited by

phloretin and mercurials (Rojek et al. 2007; Tsukaguchi et al.

1998, 1999). The channel is further thought to be permeable to

lactate (Dibas et al. 2007; Tsukaguchi et al. 1999). In liver

cells AQP9 expression is regulated by insulin via PI3 K/Akt

signaling (Liu et al. 2010). AQP1 can be activated by cGMP,

turning it into a cation-conductive channel permeable to Na?,

K?, TEA? and Cs? (Boassa et al. 2006). Similar to AQP1,

AQP9 has a tetrameric pore structure and acts as a nucleotide-

regulated channel since it has a cAMP-activated protein

kinase phosphorylation consensus site in the NH3-terminal

domain (Kuriyama et al. 1997). AQP9 is activated by cAMP,

an effect fostered by interaction between AQP9, NHERF1 and

CFTR (Pietrement et al. 2008).

Gene-targeted mice lacking AQP9 (aqp-/-) have mor-

phologically normal erythrocytes with normal H2O and

urea permeability but decreased glycerol permeability (Liu

et al. 2007). Following infection with Plasmodium berghei,

aqp-/- mice survive longer during the initial phase of

infection than wild-type mice (aqp9?/?) (Liu et al. 2007).

The electrophysiological properties of the erythrocytes of

those mice have, however, not been elucidated.

In the present study whole-cell patch-clamp experiments

were performed to gain insight into the significance of

AQP9 for cell membrane conductance in erythrocytes.

Materials and Methods

Mice

Experiments were performed in 9- to 16-week-old male

and female gene-targeted mice lacking functional AQP9

(aqp-/-) and their wild-type littermates (aqp9?/?). The

aqp-/- mice have been described previously (Liu et al.

2007). All animal experiments were conducted according

to the guidelines of the American Physiological Society as

well as the German law for the welfare of animals and

approved by local authorities.

Whole-cell patch-clamp experiments were performed in

erythrocytes drawn from three aqp-/- and eight aqp9?/?

mice, and intracellular free Ca2? measurements were made

utilizing FACS analysis in erythrocytes drawn from three

aqp-/- and four aqp9?/? mice.

Electrophysiology

Whole-cell patch-clamp recordings were performed at room

temperature. Patch electrodes were made of borosilicate

glass capillaries (150 TF-10; Clark Medical Instruments,

Lacey Green, UK) using a horizontal DMZ puller (Zeitz,

Martinsried, Germany). Pipettes with high resistance from

12 to 17 MOhm were connected via an Ag-AgCl wire to the

headstage of an EPC 9 patch-clamp amplifier (Heka,

Lambrecht, Germany). Data acquisition and data analysis

were controlled by a computer equipped with an ITC 16

interface (Instrutech, Great Neck, NY) and Pulse software

(Heka, Lambrecht, Germany). For current measurements,

erythrocytes were held at a holding potential (Vh) of

-10 mV and 200-ms pulses from -100 to ?100 mV were

applied in increments of ?20 mV. The original current

traces are depicted without filtering (acquisition frequency

of 3 kHz). Currents were analyzed by averaging the current

values measured between 90 and 190 ms of each square

pulse (current–voltage relationship). Applied voltage refers

to the cytoplasmic face of the cell 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 solutions and between

the bath solutions and the salt bridge (filled with NaCl bath

solution) were calculated according to Barry and Lynch

(1991). Data were corrected for liquid junction potentials.

Recordings were obtained in whole-cell mode after reaching

[10 GX seals in on-cell configuration.

The pipette solution consisted of (in mM) 125 Na-glu-

conate, 10 NaCl, 1 MgCl2, 1 MgATP, 1 EGTA, 10 HEPES/

NaOH (pH 7.4). Where indicated, 1 mM H2O2 or 1 mM

tert-butyl-hydroperoxide (t-BHP) were added acutely for

20 min to induce oxidative stress.

NaCl Ringer bath solution contained (in mM) 145 NaCl,

5 KCl, 2 MgCl2, 1 CaCl2, 5 glucose, 10 HEPES/NaOH (pH

7.4). In experiments where Cl- was substituted with glu-

conate- the solution contained (in mM) 150 Na-gluconate,

2 MgCl2, 1 CaCl2, 5 glucose, 10 HEPES/NaOH (pH 7.4).

The KCl, NaCl and CaCl2 bath solutions contained (in

mM) 150 KCl, 150 NaCl and 100 CaCl2, respectively,
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further containing 10 HEPES titrated with Tris (KCl and

NaCl solutions) or CaOH2 (CaCl2 solution) to pH 7.4. The

NMDG-Cl bath solution contained (in mM) 180 NMDG

(titrated with HCl to pH 7.4). Reagents were obtained from

Sigma (Munich, Germany).

Intracellular Ca2?

Intracellular free Ca2? concentration in aqp-/- and aqp9?/

? erythrocytes was measured after incubation for 30 min at

?37 �C in the bath solution containing (in mM) 145 NaCl,

5 KCl, 2 MgCl2, 1 CaCl2, 5 glucose, 10 HEPES/NaOH (pH

7.4). Oxidative stress was induced in cells by incubation

for 30 min at ?37 �C in the bath solution containing 1 mM

H2O2 (or 1 mM t-BHP).

Erythrocytes were washed in Ringer solution containing

5 mM CaCl2 and loaded with Fluo-3/AM (Calbiochem,

Bad Soden, Germany) in Ringer solution containing 5 mM

CaCl2 and 2 lM Fluo-3/AM. Cells were incubated at

37 �C for 20 min, washed once, resuspended in 5 mM

Ca2?-containing Ringer and subsequently analyzed in

fluorescence channel FL-1 for FACS analysis.

Fig. 1 Whole-cell patch-clamp

currents and cation conductance

in aqp9?/? and aqp9-/-

erythrocytes. a–d Original

whole-cell current tracings of

control and oxidized (1 mM

t-BHP) aqp9?/? (upper
tracings) and aqp-/- (lower
tracings) erythrocytes. Currents

were recorded with Na-

gluconate pipette and NaCl-

Ringer bath solution.

e Arithmetic means (±SEM) of

current as a function of voltage

(I–V relationship), recorded

with Na-gluconate pipette

solution, in aqp-/- (open
triangles, n = 37) and aqp9?/?

(closed squares, n = 38)

erythrocytes in NaCl-containing

Ringer bath solution.

f Arithmetic means (±SEM) of

the conductance (as calculated

for the inward currents by linear

regression) of aqp-/- (closed
bar) and aqp9?/? (open bar)

erythrocytes in NaCl-Ringer.

*Significant difference from

aqp9?/? (p B 0.05, two-tailed

t test). g Arithmetic means

(±SEM) of the reversal

potentials of aqp-/- (closed
bar) and aqp9?/? (open bar)

erythrocytes in NaCl-Ringer.

*Significant difference from

aqp9?/? erythrocytes (p B 0.05,

two-tailed t test)
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Ca2? uptake in aqp-/- and aqp9?/? erythrocytes was

measured in the presence of 2 mM vanadate to inhibit

Ca2?-ATPase. Briefly, cells were loaded with 2 lM Fluo-

3/AM in Ringer solution containing 2 mM vanadate, 1 mM

CaCl2 and 5 mM EGTA (approximately 12 nM free Ca2?)

for 20 min at 37 �C. To induce oxidative stress, cells were

treated (15 min at 37 �C) with 0.3 mM t-BHP dissolved in

Ringer (2 mM vanadate, 1 mM CaCl2 and 5 mM EGTA)

before Fluo-3 loading. After loading, cells were washed

once with the same Ringer bath solution (1 mM CaCl2 and

5 mM EGTA). Then, prewarmed (?37 �C) 5 mM CaCl2
and 2 mM vanadate-containing Ringer bath solution was

added to the cells at time zero. Cells were placed in the

water bath (?37 �C), and the time dependence of Ca2?

influx was measured in FACS analysis. Fluo-3 fluorescence

data are presented as normalized data (for normalization

the Fluo-3 data of aqp9?/? cells at the beginning of the

experiment [5-min incubation] were used).

Statistics

Data are expressed as arithmetic means ± SEM, and a

two-tailed t test or, where appropriate, a two-tailed, Welch-

corrected t test was employed, p B 0.05 being considered

statistically significant.

Results

Whole-cell membrane patch-clamp tracings were obtained

in erythrocytes from gene-targeted mice lacking functional

AQP9 (aqp-/-) and their wild-type littermates (aqp9?/?)

to gain insight into the impact of AQP9 expression on ion

channel activity in the erythrocyte cell membrane.

Whole-cell patch-clamp experiments on erythrocytes,

performed with Na-gluconate pipette solution and NaCl-

containing Ringer bath solution, revealed a difference in

currents between aqp9?/? and aqp-/- mice. Currents

recorded from aqp-/- mice were slightly but significantly

decreased in comparison with those from aqp9?/? mice

(see Fig. 1a, c, e). As a result, the cation conductance

(calculated for inward currents by linear regression) was

significantly lower in aqp-/- erythrocytes (56 ± 4 pS,

n = 37) than in aqp9?/? erythrocytes (73 ± 5 pS, n = 38)

(Fig. 1f). The reversal potential according to the I–V curve

was significantly (p B 0.05) (Fig. 1g) less negative in

erythrocytes of aqp-/- mice (-4.08 ± 1.04 mV, n = 37)

than in erythrocytes of aqp9?/? mice (-6.99 ± 1.01 mV,

n = 38). Oxidative stress (acute application of 1 mM

t-BHP) increased whole-cell currents, an effect more pro-

nounced in aqp9?/? erythrocytes (Fig. 1a, b) than in

aqp-/- erythrocytes (Fig. 1c, d).

Fig. 2 Nonselective cation conductance in aqp9?/? and aqp-/-

erythrocytes. a Arithmetic means (±SEM) of the current as a function

of voltage (I–V relationship), recorded with Na-gluconate pipette

solution, in aqp9?/? erythrocytes suspended in 150 mM KCl bath

solution (closed squares, n = 5), 150 mM NaCl bath solution (open
diamonds, n = 5), 100 mM CaCl2 bath solution (closed triangles,

n = 5) and 180 mM NMDG-Cl bath solution (open squares, n = 5).

b Arithmetic means (±SEM) of the current as a function of voltage

(I–V relationship), recorded with Na-gluconate pipette solution, in

aqp-/- mouse erythrocytes (n = 5). c Arithmetic means (± SEM,

n = 5) of the conductance (as calculated for the inward currents by

linear regression) of aqp9?/? (closed bars) and aqp-/- (open bars)

erythrocytes as recorded with 150 mM KCl, 150 mM NaCl, 100 mM

CaCl2 or 180 mM NMDG bath solution. *Significant difference from

aqp9?/? erythrocytes (p B 0.05, two-tailed, Welch-corrected t test)
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Before characterizing this oxidation-stimulated current

fraction, we analyzed the cation selectivity of currents in

nonoxidized aqp9?/? and aqp-/- erythrocytes. The cur-

rent–voltage (I–V) relations obtained from aqp9?/? and

aqp-/- erythrocytes superfused with isotonic KCl, NaCl,

NMDG-Cl and CaCl2 solutions are shown in Fig. 2a, b. In

this series of experiments, the whole-cell currents in NaCl

solution were higher (Fig. 2a, open diamonds) than in the

previous series of experiments (Fig. 1e, closed squares).

The difference cannot be explained by an increase in leak

currents since superfusion of the impermeable cation

NMDG? almost abolished inward currents and shifted the

current reversal potential to highly negative voltages

(Fig. 2a, open squares). As indicated below (see ‘‘Discus-

sion’’ section), the difference may be due to the use of

calcium-free solutions in the second series of experiments.

From the current reversal potentials in the different bath

solutions a permselectivity rank order of K? [ Na?

[ Ca2? � NMDG? was deduced in aqp9?/? and aqp-/-

erythrocytes (Fig. 2a, b). The inward currents recorded

with Na?, K?, Ca2? as well as NMDG? in the bath were

smaller in aqp-/- erythrocytes than in aqp9?/? erythro-

cytes. Accordingly, the conductances, as calculated for the

inward currents by linear regression, differed significantly

in all four solutions between aqp-/- and aqp9?/? eryth-

rocytes (Fig. 2c).

Next, we analyzed the whole-cell currents in erythro-

cytes from aqp9?/? and aqp-/- mice following acute

exposure to 1 mM H2O2 or 1 mM t-BHP (Fig. 1b, d). The

mean increase of the current following acute application

of 1 mM H2O2 (Fig. 3a) and 1 mM t-BHP (Fig. 3c) in

NaCl-containing Ringer solution was significantly lower

in aqp-/- erythrocytes (open triangles) compared to

wild-type erythrocytes (closed squares). Accordingly, the

fraction of the cation conductance induced by oxidative

stress was significantly blunted in aqp-/- erythrocytes

(Fig. 3b, d).

To determine the cation permselectivity of the oxida-

tion-induced currents, H2O2- or t-BHP-exposed cells were

recorded with isotonic solutions of NaCl, KCl, NaCl,

CaCl2 or NMDG-Cl. Similar to what was observed in

untreated erythrocytes, the whole-cell currents of the

Fig. 3 Oxidation-induced cation conductance in aqp9?/? and aqp-/-

erythrocytes. a Arithmetic means (±SEM) of current increment

(D current, calculated as difference between currents before and after

acute oxidation for 20 min) as a function of voltage, recorded with

Na-gluconate pipette solution, in aqp-/- (open triangles, n = 7) and

aqp9?/? (closed squares, n = 9) erythrocytes in NaCl-containing

Ringer bath solution in the presence of 1 mM H2O2. b Arithmetic

means (±SEM) of the conductance (as calculated for the inward

currents by linear regression) of aqp-/- (closed bar) and aqp9?/?

(open bar) erythrocytes in NaCl-Ringer after acute 20-min applica-

tion of 1 mM H2O2. *Significant difference from control (p B 0.05,

two-tailed t test). c Arithmetic means (±SEM) of current increment

(D current, calculated as difference between currents before and after

acute [20-min] oxidation) as a function of voltage, recorded with Na-

gluconate pipette solution, in aqp-/- (open triangles, n = 14) and

aqp9?/? (closed squares, n = 10) erythrocytes in NaCl-containing

Ringer bath solution in the presence of 1 mM t-BHP. d Arithmetic

means (±SEM) of the conductance (as calculated for the inward

currents by linear regression) of aqp-/- (closed bar) and aqp9?/?

(open bar) erythrocytes in NaCl-Ringer after acute 20-min applica-

tion of 1 mM t-BHP. *Significant difference from control (p B 0.05,

two-tailed, Welch-corrected t test)
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oxidized cells in NaCl solution were higher than those in

NaCl-containing Ringer solution and the currents were

smaller in oxidized aqp-/- erythrocytes than in oxidized

aqp9?/? erythrocytes (Fig. 4a, b). As a result, following

oxidation, the cation conductances recorded in KCl, NaCl

or CaCl2 were significantly lower in aqp-/- erythrocytes

than in aqp9?/? erythrocytes. The cation permselectivity

was not different between oxidized aqp9?/? and oxidized

aqp-/- erythrocytes (compare Figs. 2a, b and 4a, b).

Acute oxidation (20 min with 1 mM H2O2 or 1 mM

t-BHP) did not modify the anion conductance of erythro-

cytes from both genotypes. As shown in Fig. 5, substitution

of Cl- in isotonic 150 mM NaCl solution with gluconate

did not shift the reversal potential when recorded with

Na-gluconate pipette solution. An increase in inward and

outward currents (Na? currents) induced by acute oxida-

tion was due to activation of cation channels in Cl--free

medium. Furthermore, we did not observe a shift in the

reversal potential and current increase when Cl- in NaCl-

containing Ringer bath solution was substituted with

L-lactate- (data not shown).

Since the whole-cell patch-clamp experiments revealed

an increase in Ca2? conductance in both untreated and

oxidized erythrocytes from either aqp9?/? and aqp-/-

mice (Figs. 2c, 4c), a further series of experiments was

performed utilizing FACS analysis to estimate intracellular

free Ca2? by means of Fluo-3 fluorescence.

To test for Ca2? uptake, Fluo-3-loaded and Ca2?-

depleted erythrocytes were resuspended in Ca2?-containing

medium and the increase in Fluo-3 fluorescence intensity

was measured in the presence of orthovanadate, an inhib-

itor of the erythrocyte Ca2? pump. As shown in Fig. 6a, b,

the normalized Fluo-3 fluorescence increased more steeply

in control and preoxidized (0.3 mM t-BHP for 15 min)

aqp9?/? erythrocytes than in control and preoxidized

aqp-/- erythrocytes, respectively. Accordingly, both basal

and oxidation-induced Ca2? permeability were apparently

higher in aqp9?/? than in aqp-/- erythrocytes. Along these

Fig. 4 Nonselective cation conductance in acutely oxidized aqp9?/?

and aqp-/- erythrocytes. a, b Arithmetic means (±SEM) of the

current as a function of voltage (I–V relationship), recorded with

Na-gluconate pipette solution, in aqp9?/? erythrocytes (a, n = 7–12)

and aqp-/- erythrocytes (b, n = 9–12) resuspended in 150 mM KCl

bath solution (closed squares), 150 mM NaCl bath solution (open
diamonds), 100 mM CaCl2 bath solution (closed triangles) and

180 mM NMDG-Cl bath solution (open squares) after acute (20-min)

oxidation with 1 mM t-BHP. c Arithmetic means (±SEM, n = 7–12)

of the conductance (as calculated for the inward currents by linear

regression) of oxidized (1 mM t-BHP for 20 min) aqp9?/? (closed
bars) and aqp-/- erythrocytes (open bars) as recorded with 150 mM

KCl, 150 mM NaCl, 100 mM CaCl2 or 180 mM NMDG bath

solution. *Significant difference from aqp9?/? erythrocytes

(p B 0.05, two-tailed, Welch-corrected t test)

Fig. 5 Lack of anion conductance in acutely oxidized aqp9?/?

erythrocytes. Arithmetic means (±SEM) of current as a function of

voltage (I–V relationship), recorded with Na-gluconate pipette

solution, in acutely oxidized (20 min with 1 mM t-BHP) aqp9?/?

erythrocytes resuspended in 150 mM NaCl (open triangles, n = 10)

and in 150 mM Na-gluconate (closed squares, n = 6) bath solutions
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lines, in the absence of Ca2? ATPase inhibition, the steady-

state Fluo-3 fluorescence was in the absence or presence of

t-BHP (1 mM for 30 min) slightly but significantly higher

in aqp9?/? than in aqp-/- erythrocytes (Fig. 6c, d).

In conclusion, our data suggest that lack of AQP9

decreases the Ca2?-permeable cation conductance of

mouse erythrocytes, an effect that possibly contributes to

the altered susceptibility of AQP9-deficient mice to infec-

tion with P. berghei.

Discussion

The present observations reveal a subtle difference in cat-

ion channel conductance between erythrocytes from gene-

targeted mice lacking functional aqp-/- and erythrocytes

from their wild-type littermates (aqp9?/?).

In theory, the differences in cation conductance between

aqp-/- and aqp9?/? erythrocytes could result from a cation

permeability of AQP9. The channel is considered to be per-

meable for a wide variety of neutral solutes, such as polyols,

carbamides, purines and pyrimidines, and inhibited by

phloretin and mercurials (Rojek et al. 2007; Tsukaguchi et al.

1998, 1999). It is noteworthy, though, that the related AQP1

with a similar tetrameric pore structure can be turned into a

cation-conductive channel, permeable to Na?, K?, TEA? and

Cs?, following activation by cGMP, which is generated by the

endogenous receptor guanylate cyclase (Boassa et al. 2006).

Since AQP9 has been reported to be activated by cAMP

(Kuriyama et al. 1997; Pietrement et al. 2008), it may partici-

pate in the regulation of cation channel activity in the cell

membrane. When exposed to normal NaCl-containing Ringer

bath solution, the currents were not large in aqp9?/? erythro-

cytes. The cation conductance was even lower, but not absent,

in erythrocytes from aqp-/- mice. Notably, whole-cell currents

were larger when recorded with calcium-free solutions. Bind-

ing of calcium within the channel pore may decrease in cal-

cium-permeable cation channels the current carried by

monovalent cations. Hence, the increased monovalent cation

currents in the absence of calcium further suggest calcium

permeability of the AQP9-dependent conductance.

The residual cation currents in control or oxidized

AQP9-deficient erythrocytes suggest that AQP9 might

contribute to, but does not fully account for, the cation

conductance of the erythrocytes. Like AQP1, a small part

of AQP9 molecules could be cation-conductive. Assuming

a large number of AQP channel copies in the cell mem-

brane, AQP9 proteins may be responsible for the observed

17-pS difference in cation conductance between aqp9?/?

and aqp-/- erythrocytes.

In earlier experiments (Foller et al. 2008), evidence

suggested a contribution of TRPC6 channels in the total

cation current in erythrocytes. Again, the cation conduc-

tance was decreased, but not absent, in gene-targeted mice

lacking TRPC6. It is possible that the residual conductance

in TRPC6-deficient mice is in part due to AQP9.

Fig. 6 Cytosolic free Ca2?

concentration and Ca2? uptake

in control and oxidized aqp9?/?

and aqp-/- erythrocytes. a,

b Time-dependent increase of

normalized Fluo-3 fluorescence

(arithmetic means ± SEM,

n = 3) in vanadate (2 mM)-

treated control (a) and oxidized

(0.3 mM t-BHP for 15 min)

(b) aqp9?/? (closed circles) and

aqp-/- (closed triangles)

erythrocytes. c, d Arithmetic

means (±SEM, n = 12–16) of

normalized Fluo-3 fluorescence

of control (c) and oxidized

(1 mM t-BHP for 30 min)

(d) aqp9?/? (closed bars) and

aqp-/- (open bars) erythrocytes

in NaCl-containing Ringer bath

solution. *Significant difference

from aqp9?/? erythrocytes

(p B 0.05, two-tailed t test)
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The decreased cation conductance of erythrocytes from

aqp-/- mice may contribute to the less severe clinical

course of malaria in those mice. As shown earlier (Brand

et al. 2003), the growth of the malaria parasite Plasmodium

falciparum in human erythrocytes was highly dependent on

the entry of both extracellular Na? and extracellular Ca2?

into parasitized erythrocytes. Accordingly, the intraerythr-

ocytic growth of the parasite was disrupted by inhibition of

the Na?- and Ca2?-permeable, nonselective cation con-

ductance in the host cell membrane by ethylisopropyla-

miloride (IC50 \ 10 lM). Moreover, the percentage of

Plasmodium-infected erythrocytes was significantly blun-

ted by replacement of NaCl with KCl, NMDG-Cl or raf-

finose (Brand et al. 2003). Half-maximal growth was

observed at about 25 mM Na?. Finally, the parasitemia

was significantly decreased by lowering the extracellular

free Ca2? concentration with EGTA. At excessive extra-

cellular Ca2? concentrations, EGTA was not effective,

indicating that the lack of Ca2?, not the presence of EGTA,

disrupted parasite growth (Brand et al. 2003).

Stimulation of cation channels is a double-edged sword

(Foller et al. 2009) as excessive Ca2? entry leads to trig-

gering of erythrocyte death (Bhavsar et al. 2010, 2011;

Eberhard et al. 2010; Felder et al. 2011; Foller et al. 2009;

Gatidis et al. 2011; Ghashghaeinia et al. 2011; Lang et al.

2005, 2007, 2009, 2010, 2011; Nguyen et al. 2011; Qadri

et al. 2011a, 2011b), thus limiting the life span of the

infected erythrocyte and of the intracellular pathogen.

Accordingly, stimulating the suicide of infected erythro-

cytes may decrease parasitemia and thus favorably influ-

ence the clinical course of malaria (Bobbala et al. 2010;

Foller et al. 2009; Siraskar et al. 2010).

In conclusion, the present observations provide evidence

for an effect of AQP9 on the cation conductance of the

erythrocyte cell membrane. Either by allowing the per-

meation of cations itself or by regulating the activity of

cation channels, AQP9 contributes to the cation perme-

ability of erythrocytes. As intraerythrocytic Plasmodium

spp. depend on Na? and Ca2? entry across the host cell

membrane, the decreased cation conductance of AQP9-

deficient erythrocytes could well contribute to the relative

protection of those mice during malaria.
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