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Abstract:

The Kir4.1 channel is an inward rectifying potassium channel involved in the control of potassium and water movement in mammal-

ian cells. To evaluate independently the role of Kir4.1 alone and without interaction with other cellular effectors, we compared ��Rb

fluxes and cell volume in Kir4.1 transfected cells (Kir4.1�) with cells transfected with an empty vector (Kir4.1�). Transfection with

Kir4.1 neither increased ��Rb uptake nor ��Rb efflux from cells in isotonic medium. Pretreatment with ammonia (5 mM ammonium

chloride) in isotonic medium produced a pronounced increase of ��Rb uptake and a moderate decrease of cell volume in Kir4.1� but

not in Kir4.1� cells. However, pretreatment evoked no change in ��Rb efflux in either cell type. Hypotonic treatment (HT) markedly

increased ��Rb efflux in Kir4.1� cells and increased cell volume in both cell types. Although pretreatment with ammonia did not alter

the effect of HT on ��Rb efflux in either Kir4.1� or Kir4.1� cells, it potentiated the effect of hypotonic treatment in increasing cell vol-

ume in Kir4.1� cells. The results demonstrate that the presence of Kir4.1 in cells increases their resistance to alterations of potassium

fluxes and/or cell volume imposed by ammonia and hypotonicity.
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Introduction

The Kir4.1 channel is one of the inward rectifying po-

tassium channels, which are divided into seven sub-

families, Kir1–7, and are expressed in cells of differ-

ent mammalian tissues and organs. These include the

kidney, cochlea, retina and the central nervous system

(CNS) [9, 21, 24]. The specific roles of Kir4.1 have

been extensively examined in CNS astrocytes where

Kir4.1 is more abundant than the other channels [15].

Impairment of potassium and glutamate uptake and

cell membrane depolarization have been equivocally

demonstrated in both rat astrocytes, where the chan-

nel has been directly silenced using siRNA knock-
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down [13], and in astrocytes derived from mice with

a conditional knockout of the channel [4]. The control

of potassium fluxes by Kir4.1 in astrocytes is part of

a complex volume-regulatory mechanism that, among

other factors, involves interaction of Kir4.1 with wa-

ter channels, mainly aquaporin 4 (AQP4) [3, 11, 18].

We were interested in evaluating this volume-

regulatory mechanism by enriching the cells in Kir4.1

channels via transfection (a “gain of function” ap-

proach). However, potassium fluxes and cell volume

regulation in astrocytes involve a plethora of different

ion channels and osmolyte transporters, including

multiple members of the Kir channel family [14, 16,

22, and references therein]. Because these factors are

likely to interfere with Kir4.1 channels even if the lat-

ter is present in excess, we decided to use model cells

(human HEK 293 cells). HEK 293 cells have minimal

functional cell membrane proteins and pumps and are

easily transfected with DNA coding for sodium-

potassium co-transporters [8], aquaporins [10], acid-

sensitive K� channels [19], H-K-ATPases [23] and,

most recently, human Kir2.1 channels [25]. In the

present study, we transfected HEK 293 cells (the

transfection-prone HEK 293T variant) with Kir4.1.

The cells were assayed for potassium fluxes (followed

as ��Rb fluxes) and changes in cell volume ([�H]-

O-methylglucose uptake). We tested the parameters in

cells kept in a physiological environment as well as

cells subjected to hypotonic and ammonia treatment.

Hypotonic treatment is a standard method to increase

cell volume and evoke volume-regulatory mecha-

nisms in different tissues, including astrocytes or reti-

nal glia [2, 5, 22]. Ammonia treatment impairs gluta-

mate transport, potassium buffering and cell volume

regulation in astrocytes and contributes to cerebral

edema associated with hepatic encephalopathy (HE)

and other hyperammonemic syndromes [1, 20].

Materials and Methods

Cell cultures and treatments

HEK 293T cells (ATCC CRL-11268) were cultured in

DMEM medium (Dulbecco’s Modified Eagle’s Me-

dium; Invitrogen, Carlsbad, CA, USA) supplemented

with 2 mM L-glutamine (Invitrogen, Carlsbad, CA,

USA), 10% fetal bovine serum (Thermo, Rockford,

IL, USA) and 1% Penicillin Streptomycin (Invitro-

gen, Carlsbad, CA, USA). Cells were incubated at

37°C in a humidified atmosphere of 5% CO� and 95%

air. HEK 293T cells were washed once with DMEM

medium and incubated for 72 h with 5 mM NH�Cl

(ammonia; Sigma Chemical Co., St. Louis, MO, USA)

added directly to the medium from 1 M stock solution

in water. Hypotonic treatment consisted of 20 min in-

cubation in media in which Na� concentration was re-

duced without osmotic compensation from 122 mM

NaCl to 60 mM.

Kir4.1 transfection

pcDNA3.1(+) plasmid alone or pcDNA3.1(+) plas-

mid containing Kir4.1 cDNA, a gift from Dr. Yoshi-

hisa Kurachi (Department of Pharmacology, Osaka

University, Japan), was transfected into HEK 293T

cells with LipofectamineTM 2000 CD reagent (Invi-

trogen, Carlsbad, CA, USA), following the manufac-

turer’s instructions. Selection and maintenance of

Kir4.1 over-expressing cells were controlled with

G418 (1 mg/ml) in culture medium. Cells transfected

with an empty plasmid or with Kir4.1 construct carry-

ing plasmid are referred to as Kir4.1� and Kir4.1�, re-

spectively.

Western blot

Kir4.1� and Kir4.1� cells were harvested and briefly

sonicated in ice-cold homogenization Triton X-100

lysis buffer containing an additional mixture of pep-

tide inhibitors (Roche Applied Science, IN, USA).

Protein concentrations of cell homogenates were de-

termined via BCA™ protein assay (Pierce, Rockford,

IL, USA), followed by addition of an appropriate vol-

ume of urea sample buffer. Samples were loaded

(20 µg/lane) into 10% SDS-polyacrylamide gels. After

electrophoresis, separated proteins were transferred

onto a PVDF membrane. Subsequently, the mem-

branes were incubated overnight with blocking solu-

tion containing 5% BSA. Blocked membranes were

then incubated for 2 h at room temperature with the

corresponding primary antibody (anti-Kir4.1, 1:400

dilution; Alomone Laboratories, Jerusalem, Israel)

followed by three washes and incubation with anti-

rabbit secondary antibody for 1 h. Final detection was

performed with enhanced chemiluminescence meth-

odology (SuperSignal West Dura Extended Duration

Substrate; Pierce, Rockford, IL, USA) as described by
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the manufacturer, and the intensity of the signal was

measured with TINA software (Raytest, Strauben-

hardt, Germany). In all cases, the intensity of the

chemiluminescence signal was standardized to �-a-

ctin protein levels.

86Rubidium uptake assay

��Rb uptake was performed as described by Fisher

and Margulies [6]. Briefly, HEK 293T cells were in-

cubated in a buffer containing (in mM) 122 or 60 NaCl,

5 RbCl, 1 MgSO�, 0.15 Na�HPO�, 0.2 NaH�PO�, 4

NaHCO�, 1 CaCl�, 5 glucose, 20 HEPES and ��RbCl

(1 µCi/ml). Uptake was stopped by aspiration of the
��Rb solution and three rapid rinses with an ice-cold

solution containing (in mM) 140 N-methylglucamine,

1.2 MgCl�, 3 BaCl�, and 10 HEPES; this solution halts

metabolic activity and blocks ion channels. Next, cells

were solubilized in 500 µl 1 M NaOH, and 400 µl of

the lysate sample was transferred to a scintillation vial

and mixed with scintillation fluid. The radioactive

content (counts per minute, CPM) was determined us-

ing liquid scintillation spectroscopy in a liquid scintil-

lation analyzer (Fisher Scientific). The remaining cell

suspension was assayed for protein content with the

BCA Protein Assay Kit (Thermo, Rockford, IL,

USA). ��Rb uptake results are presented as CPM per

mg of protein.

86Rubidium efflux assay

The ��Rb efflux experiments were performed simi-

larly as previously described for cultured astrocytes

by Quesada et al. [22]. HEK 293T cells were incubated

in DMEM medium containing ��Rb (2.5 µCi/ml) for

1 h. Then, the cells were superfused (1 ml/min) with

isotonic (122 mM NaCl) or hypotonic (60 mM NaCl)

efflux buffer containing (in mM) 1 CaCl�, 1.17 MgCl�,

5 KCl, 10 HEPES, 5 glucose, pH 7.4 for 4 min to as-

sess baseline. Subsequently, cells were superfused

with efflux buffer and 9 fractions were collected every

2 min. The radioactive content was determined as de-

scribed above for ��Rb uptake. Results are expressed

as percentage of total radioactivity (effluent + pellet)

present in the effluent.

Cell volume measurement

Cell volume was measured using the [�H]-O-meth-

ylglucose (OMG) uptake procedure of Kletzien et al.

[12]. This method is based on the principle that OMG

is transported into the cell by the glucose carrier and

equilibrates between the intra- and extracellular com-

partments. The amount of OMG accumulated in the

cell is proportional to the intracellular water space or

cell volume. Cultures were incubated with OMG

(1 mM containing 1 µCi of radioactive OMG) for

35 min. Cultures were quickly washed three times

with ice-cold buffer containing (in mM) 290 sucrose,

1 Tris-nitrate pH 7.4, 0.5 calcium nitrate, 0.1 phlore-

tin. Cells were then lysed in 500 µl of 1 M NaOH, and

400 µl of the lysate sample was used for radioactive

content measurement. Protein content was determined

with the BCA Protein Assay Kit (Thermo, Rockford,

IL, USA). Results are presented as radioactivity (CPM)

per mg of protein.

Statistical analysis

Differences between various treatment groups were

analyzed by one-way analysis of variance (ANOVA)

followed by Bonferroni’s multiple comparison test,

with statistical significance set at p < 0.05. All analyses

were carried out with GraphPad Prism 4.02 for Win-

dows (GraphPad Software, San Diego, CA, USA).

Results and Discussion

Transfection with Kir4.1 cDNA increased Kir4.1 ex-

pression by ~2.8 fold (Fig. 1). Transfection with Kir4.1

did not significantly affect ��Rb uptake (Fig. 2) or ��Rb

efflux in isotonic medium (122 mM Na�) (Fig. 3A).

Ammonia increased ��Rb uptake in Kir4.1� but not in
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Fig. 1. Expression of Kir4.1 in HEK 293T cells transfected with
an empty pcDNA3.1(+) plasmid (Kir4.1�) and cells transfected with
the Kir4.1 construct-carrying plasmid (Kir4.1�)



Kir4.1� cells (except for a small increase noted at

3 min) (Fig. 2). In cells incubated in isotonic medium,

ammonia did not affect ��Rb efflux in either group

(Fig. 3A). Incubation in a hypotonic medium (60 mM

NaCl) increased ��Rb efflux in both Kir4.1� and

Kir4.1� cells (compare Figs. 3A and 3B), but the in-

crease was less in Kir4.1� than Kir4.1� cells (Fig. 3B).

In cells incubated in 60 mM NaCl, ammonia reduced
��Rb efflux in both Kir4.1� and Kir4.1� cells, but the

effect was less pronounced in Kir4.1� cells (Fig. 3B).

Incubation in hypotonic medium (60 mM NaCl) in-

creased cell volume both in Kir4.1+ and Kir4.1– cells

(Fig. 4). However, potentiation of the cell volume-

increasing effect of hypotonia occurred following pre-

treatment with ammonia in Kir4.1– but not Kir4.1+

cells (Fig. 4). A slight decrease in cell volume was in-

duced by ammonia alone in Kir4.1– but not in Kir4.1+

cells (Fig. 4).

It has been repeatedly demonstrated that Kir4.1, an

inward rectifying potassium channel, cooperates with

other channels and cofactors in the regulation of cell

membrane potassium transport and water homeostasis

in astrocytes and retinal glial cells, which are both en-

riched in this channel [4, 13, 21]. We decided to ex-

amine the role of the Kir4.1 channel alone, independ-

ent from other factors. Here we measured potassium

(86Rb) fluxes and cell volume changes in HEK 293

cells transfected with Kir4.1 message. We also addressed

the question of whether Kir4.1 would alter the response

of cells to two toxic stimuli affecting ion/water ho-

meostasis: i) treatment with hypotonic media, which

is a standard manipulation to evoke cell swelling

and/or cell volume regulatory mechanisms (refer-
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Fig. 2. ��Rb uptake in Kir4.1� or Kir4.1� HEK 293T treated with ammo-
nia (“ammonia”) or untreated (“control”). ��Rb uptake was carried out
in isotonic medium for times indicated. Results are the mean ± SD
(n = 9); * p < 0.05 vs. “control”

A

B

Fig. 3. ��Rb efflux in HEK 293T cells in Kir4.1� or Kir4.1� cells incu-
bated in (A) isotonic (122 mM Na�) or (B) hypotonic (60 mM Na�) me-
dium following incubation in the presence or absence of ammonia.
Results are the mean ± SD (n = 3); * p < 0.05 vs. Kir4.1�

Fig. 4. Effect of ammonia and/or isotonic/hypotonic treatment
(122 mM Na/60 mM Na) on cell volume in Kir4.1� and Kir4.1� cells.
Results are the mean ± SD (n = 4); * p < 0.05 for the difference be-
tween groups of data indicated in the figure



ences in the introduction) or ii) treatment with ammo-

nia, a toxin that strongly affects CNS astrocytes. Am-

monia, when added in vitro or accumulating in excess

in vivo in association with liver failure, impairs ion

and water transport in astrocytes and causes astrocytic

swelling, leading to brain edema, a major symptom of

HE [1, 20].

Consistent with a previous study [15], native HEK

293T cells showed low Kir4.1 expression, which was

substantially increased upon transfection of Kir4.1

cDNA (Fig. 1). Kir4.1 transfection did not signifi-

cantly alter basal 86Rb influx or efflux in these cells or

their cell volume, most likely reflecting the absence of

other potassium channels and transporters in the cell

membranes. However, Kir4.1 prevented or attenuated

the following changes occurring in response to am-

monia and/or hypotonic stress: i) ammonia-induced

increase of 86Rb uptake, ii) increased 86Rb efflux in

hypotonic medium, and iii) potentiation by ammonia

of the cell volume-increasing effect of hypotonic-

ity. Of note, cerebral edema resulting from astrocytic

swelling is often exacerbated by hypotonic insult be-

cause of hyponatremia in HE patients [7, 17]. Kir4.1

expression in the brain is also decreased in animal HE

models [16]. Clearly, further experiments are needed

to elucidate the mechanism by which Kir4.1 renders

the cells more refractory to some but not all effects of

toxic exposures, and to assess the potential therapeu-

tic implications of Kir4.1 transfections within the

CNS.
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