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a b s t r a c t

The human embryonic kidney (HEK) 293 cell line is widely used in cell biology research.

Although HEK293 cells have been meticulously studied, our knowledge about endogenous G

protein-coupled receptors (GPCR) in these cells is incomplete. While studying the effects of

bradykinin (BK), a potent growth factor for renal cells, we unexpectedly discovered that BK

activates extracellular signal-regulated protein kinase 1 and 2 (ERK) in HEK293 cells. Thus,

we hypothesized that HEK293 cells possess endogenous BK receptors. RT-PCR demonstrated

the presence of mRNAs for BK B1 and BK B2 receptors in HEK293 cells. Western blotting with

BK B1 and BK B2 receptor antibodies confirmed this result at the protein level. To establish

that BK receptors are functional, we employed fluorescent measurements of intracellular

Ca2+, measured changes in extracellular acidification rate (ECAR) as a reflection of the Na+/

H+ exchange (NHE) with a CytosensorTM microphysiometer, and assessed ERK activation by

Western blotting with a phospho-specific ERK antibody. Exposure of HEK293 cells to BK

produced a concentration-dependent rise in intracellular Ca2+ (EC50 = 36.5 � 8.0 � 10�9 M), a

rapid increase in tyrosine phosphorylation of ERK (EC50 = 9.8 � 0.4 � 10�9 M), and elevation

in ECAR by �20%. All of these signals were blocked by HOE-140 (B2 receptor antagonist) but

not by des-Arg10-HOE-140 (B1 receptor antagonist). We conclude that HEK293 cells express

endogenous functional BK B2 receptors, which couple to the mobilization of intracellular

Ca2+, increases in ECAR and increases in ERK phosphorylation.
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1. Introduction

The human embryonic kidney (HEK293) cell line was

generated by adenoviral transformation of cultured normal

human embryonic kidney cells in the early 1970s [1], and

have become very widely used in cell biology research. This

cell line has been used extensively as an expression tool for

recombinant proteins, mainly due to its ease of propagation

and maintenance, high efficiency of transfection and

protein production, and correct translation and processing
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of proteins [2]. The bradykinin B1 (BK B1) and bradykinin B2

(BK B2) receptor subtypes are prototypical G protein-coupled

receptors (GPCRs) [3,4] that mediate the actions of kinins.

The endogenous intrarenal kinin hormone, BK, plays a

significant role as a modulator of a renal function acting as a

vasodilator [5]. In addition to its vasoactive properties, BK

plays roles in renal cell growth and proliferation [6,7,8].

Therefore, studies on BK receptors are imperative to better

understanding of the molecular mechanisms by which BK

affects renal cells.
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Multiple studies on the structural and functional properties

of the BK B2 receptor have been performed in the HEK293 cell

model. Indeed, HEK293 cells transfected with green fluores-

cent protein (GFP)-tagged BK B2 receptors have been used to

study BK B2 receptor endocytosis, recycling and down-

regulation [9], and nuclear localization [10]. The agonist-

promoted trafficking of human BK B1 and BK B2 receptors also

was analyzed in HEK293 cells transfected with wild type and

GFP-tagged receptors [11]. HEK293 cells transfected with

cDNAs for wild-type BK B2 receptor and series of mutants

with truncated COOH-terminal tail, with deletion of integral

regions of the COOH-terminal tail, and with serine and/or

threonine point mutations were used to study the role of the

COOH-terminal tail of the human renal BK B2 receptor in

receptor internalization [12]. Although most of those studies

did not show results using non-transfected HEK293 cells, one

study did show a lack of responsiveness to BK [13]. Therefore,

we did not expect that HEK293 cells express endogenous BK B2

receptors, and chose this model as a ‘‘negative control’’ while

studying the mechanisms of BK-induced signaling in kidney

cells. To our surprise, we discovered that non-transfected

HEK293 cells respond to BK.

The expression of functional endogenous BK receptors in

HEK293 cells was not established, although a microarray

analysis detected the presence of mRNA specific for the BK B2

receptor, as well as many other GPCRs [14]. Because we are

interested in studying signaling pathways that lead to

mitogenic effects of BK in kidney cells [8,15], and because

the presence of endogenous BK receptors in HEK293 cells could

confound transfection studies, we determined whether BK has

effects in non-transfected HEK293 cells.

The current study supports the presence of the functional

endogenous BK B2 receptors in HEK293 cells. These results

should be taken into consideration when performing experi-

ments that involve HEK293 cells over-expressing wild type or

mutant BK receptors since constitutively expressed endogen-

ous proteins can interfere with exogenous protein function.
2. Materials and methods

2.1. Materials

Tetramethylammonium (TMA) chloride, probenecid, ethidium

bromide, bradykinin, des-Arg9 BK, HOE-140, des-Arg10-HOE-

140, and various salts were from Sigma (St. Louis, MO). 5-(N-

methyl-N-isobutyl)-amiloride (MIA) was purchased from RBI

(Natick, MA). U-73122 (1-[6-[((17b)-3-methoxyestra-1,3,5[10]-

trien-17-yl)amino]hexyl]-1H-pyrrole-2,5-dione) and U-73343

(1-[6-[((17b)-3-methoxyestra-1,3,5[10]-trien-17-yl)amino]-

hexyl]-2,5-pyrrolidinedione) were from Calbiochem (Gibbs-

town, NJ). BK B1 antibody was from Abcam Inc. (Cambridge,

MA) and BK B2 antibody was from BD Transduction Laborator-

iesTM (Franklin Lakes, NJ). All cell culture media and supple-

ments were from Invitrogen (Carlsbad, CA). Polycarbonate cell

culture inserts for microphysiometry were from Corning Costar

(Cambridge, MA), and lysine-coated 96-well clear-bottom black

plates needed for the FLIPR were from Greiner Bio-One

(Longwood, FL). Fluo-3AM and black pipette tips were from

Molecular Devices Corporation (Sunnyvale, CA).
2.2. Cell culture

HEK293 cells were obtained from American Type Culture

Collection (Rockville, MD). Cells were grown in Dulbecco’s

modified Eagle’s medium supplemented with 10% fetal bovine

serum, 100 U/ml of penicillin, and 100 mg/ml of streptomycin

at 37 8C in a humidified atmosphere of 95% air and 5% CO2.

2.3. RT-PCR

Total RNA was isolated using the SAT-60 reagent (Tel-Test

Inc., Friendswood, TX) and RT-PCR was performed using the

one step RT-PCR kit (Qiagen, Valencia, CA). Both methods were

performed following the manufacturer’s instructions. Specific

sequences for sense (S) and antisense (AS) primers for BK B1

and BK B2 receptors that were previously published [16], were

synthesized (IDT Technologies Inc., Coralville, IA). Primers for

BK B1 receptor were: 50-TTC TTA TTC CAG GTG CAA GCA G-30

(S) and 50-CTT TCC TAT GGG ATG AAG ATA T-30 (AS), yielding a

213 bp fragment. Primers for BK B2 receptor were: 50-TGC TGC

TGC TAT TCA TCA TC-30 (S) and 50-CCA GTC CTG CAG TTT GTG

AA-30 (AS), yielding a 335 bp product. GAPDH primer sets, 50-

ACC ACA GTC CAT GCC ATC AC-30 (S) and 50-TCC ACC ACC

CTG TTG CTG TA-30 (AS), yielding a 452 bp product were

obtained from IDT Technologies Inc. (Coralville, IA) and used

as an internal control. PCR conditions for both BK B1 and BK B2

primer sets were: cDNA synthesis at 50 8C for 30 min and 95 8C

for 15 min (one cycle), followed by 94 8C for 30 s, 52.4 8C for

30 s, and 72 8C for 1 min during 35 cycles, and 72 8C for 10 min

(one cycle). Amplified products were separated by electro-

phoresis on 4–12% polyacrylamide gel (Invitrogen, Carlsbad,

CA), and visualized following staining with ethidium bromide

(1 mg/ml) under UV with Fluorochem Image (Alpha Innotech

corp., San Leandro, CA).

2.4. Measurement of intracellular Ca2+

We used a FLIPR (Molecular Devices Corporation, Sunnyvale,

CA) Fluorometric Imaging Plate Reader [17] to non-ratiome-

trically measure increases in intracellular free calcium as

previously described [18], with the use of the calcium-sensitive

dye Fluo-3AM. Cells were plated into lysine-coated 96-well

clear-bottom black plates at a density of 40,000 cells/well.

Subsequent to reaching confluence, cells were deprived of

serum for either 4 h or overnight (0.1% BSA/MEM). Cells were

incubated with Fluo-3AM (‘‘No Wash’’, Molecular Devices)

according to manufacturer’s directions. At the end of the

incubation, cells were placed into the FLIPR, and exposed to

various concentrations of BK (10�9 to 10�5 M). Increases in

intracellular free calcium were reflected by increases in

detected fluorescence. Calculations for EC50 were made from

log-logit transformations of obtained concentration response

curves.

2.5. Microphysiometry

Extracellular acidification rates (ECAR) were measured in real

time in intact cells placed in an eight chamber CytosensorTM

microphysiometer (Molecular Devices Corporation, Sunnyvale,

CA) as described previously [19,20]. The microphysiometer uses
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a light-addressable silicon sensor to detect extracellular

protons, which can be derived primarily from Na+/H+ exchange

and glycolysis, and from other metabolic pathways [21]. Rate

data transformed by a personal computer running CytosoftTM

version 2.0 (Molecular Devices Corporation, Sunnyvale, CA)

were presented as ECAR in mV/s, which roughly correspond to

millipH units/min. In order to facilitate comparison of data

between two channels, values were expressed as percent

increases of the baseline as determined by computerized

analysis of the three data points after exposure of the cell

monolayers to test substances.

The day prior to experimentation, HEK293 cells were plated

onto polycarbonate membranes (3 mm pore size, 12 mm size)

at a density of 300,000 cells per insert. The day of the study,

cells were washed with serum-free, bicarbonate-free Ham’s F-

12 medium, placed into the microphysiometer chambers, and

perfused at 37 8C with the same medium or with balanced salt

solutions containing NaCl or TMA substituted mM/mM for

sodium. The pump cycle was set to perfuse cells for 60 s,

followed by a 30 s ‘‘pump-off’’ phase, during which proton

efflux was measured from the sixth through the 28th seconds.

Cells were exposed to the test agents for four cycles (360 s).

Valve switches (to add or remove test agents) were performed

at the middle of the pump cycle. Data points were then

acquired every 90 s. The peak effects during stimulation were

expressed as percentage increases from average basal ECAR

from five rate measurements prior to application of the test

agent(s).

2.6. ERK assays

ERK phosphorylation was assessed using a phosphorylation

state specific ERK antibody (Cell Signaling, Beverly, MA), which

specifically recognizes threonine202 and tyrosine204-phos-

phorylated ERK as previously described [8,15]. Briefly, cells

were cultured in 12-well plates, serum starved for 4 h, and

stimulated with vehicle or BK. After treatment, cells were

scraped into Laemmli buffer, and subjected to SDS-PAGE using

4–20% pre-cast gels (Invitrogen, Carlsbad, CA), and semi-dry

transferred to PVDF membranes (Millipore Corporate Head-

quarters, Billerica, MA). The membranes were blocked with a
Fig. 1 – HEK293 cells express BK B1 and BK B2 receptors. (Panel

receptors mRNA in HEK293 cells. (Panel B) Western blot analyse

and with BK B2 receptor antibodies support the expression of B

1:1000 dilution according to the manufacture’s recommendatio
BLOTTO buffer and incubated with the phospho-ERK antibody

(at 1:1000 dilutions), followed by incubation with goat anti-

rabbit alkaline phosphatase-conjugated IgG (Chemicon Inter-

national, Inc., Temecula, CA). Immunoreactive bands were

visualized by a chemiluminescent method (CDP StarTM, New

England Biolabs, Ipswich, MA) using pre-flashed Kodak X-AR

film, and quantified using a GS-670 densitometer and

Molecular Analyst software (Bio-Rad Life Science Research,

Hercules, CA). The membranes were stripped using Re-Blot

Plus antibody stripping solution (Chemicon International, Inc.,

Temecula, CA) and re-probed with the control ERK antibody

(Cell Signaling, Beverly, MA), which recognizes equally well

phosphorylated and non-phosphorylated ERK to quantify total

ERK. Results are presented as intensities of phospho-ERK

bands relative to total ERK bands and expressed as percent of

control phosphorylation (non-treated cells).

2.7. Data analysis

ERK assays were performed in duplicate and repeated at least

three times. Data are presented as mean � S.E.M. (standard

error of the mean) and were analyzed for repeated measures

by unpaired 2-tailed Student’s t-test. Differences were

considered significant at P < 0.05.
3. Results

3.1. HEK293 cells express endogenous BK B1 and B2

receptors

Total RNA extracted from HEK293 cells was subjected to RT-

PCR using specific primers for BK B1 and BK B2 mRNA. As

shown in Fig. 1A, products with the expected sizes of 213 bp for

BK B1 receptor, and of 335 bp for BK B2 receptor were detected.

To confirm the expression of BK receptors on the protein level,

we performed Western blotting of HEK293 lysates with BK B1

and BK B2 receptors antibodies. Western blot analysis shows a

major band at 65 kDa that is immunoreactive for BK B1

receptor, as well as a duplet at 40/42 kDa immunoreactive for

BK B2 (Fig. 1B).
A) RT-PCR demonstrates the presence of BK B1 and BK B2

s of HEK293 cell lysates (40 mg of total protein) with BK B1

K receptors on a protein level. Antibodies were used at

ns.



Fig. 2 – BK induces elevations in intracellular free Ca2+ in

HEK293 cells via BK B2 receptor subtype. (Panel A)

Representative raw data from two wells showing changes

in Fluo-3 AM fluorescence in response to 10S7 M BK. Cells

pretreated with 10S5 M U-73122 for 30 min prior to

addition of BK did not respond. (Panel B) Concentration–

response curve for BK-induced elevations in intracellular

free Ca2+. HEK293 cells were loaded with the intracellular

fluorescent Ca2+ probe Fluo-3 AM and exposed to the

indicated concentrations of BK in the absence or presence

of the BK B2 receptor antagonist HOE-140 (10S5 M) or the

specific PLC inhibitor U-73122 (10S5 M). Calcium fluxes

were measured using the FLIPR to detect changes in Fluo-3

AM fluorescence as described in Section 2. Values are

average from studies done in triplicate W S.E.M. n = 8 (BK

alone); n = 5 (BK + HOE-140); n = 3 (BK + U-73122). RFU –

relative fluorescence units. (Panel C) Maximum

fluorescence stimulated by BK (10S7 M) in the absence or

presence of the BK B1 receptor antagonist des-Arg10-HOE-
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3.2. BK increases intracellular Ca2+ through a BK B2

receptor in HEK293 cells

We used a FLIPRTM to simultaneously measure intracellular

Ca2+ in HEK293 cells plated into 96-well microtitre plates.

Fig. 2A shows representative raw data from a single experi-

ment demonstrating that BK-induced a rapid and sustained

elevation of intracellular Ca2+ in HEK293 cells pre-loaded with

2 mM Fluo-3 AM. The BK signal was dependent on concentra-

tion, with a half-maximal effect (EC50) at 36.5 � 8.0 � 10�9 M

(n = 8) (Fig. 2B). Pre-incubation with the specific phospholipase

C (PLC) inhibitor, U-73122 (10�5 M for 30 min) completely

prevented BK-induced intracellular Ca2+ mobilization sup-

porting that PLC activation is required for BK-induced Ca2+

signal. Pre-incubation with 10�5 M of HOE-140 (BK B2 receptor

antagonist) completely eliminated the Ca2+ signal, whereas

pre-incubation with the BK B1 receptor antagonist, des-Arg10-

HOE-140 (10�5 M), had no effect (Fig. 2C) providing strong

evidence that the effect is mediated by BK B2 (and not BK B1)

receptors.

3.3. BK stimulates a sodium-dependent proton efflux in
HEK293 cells through a BK B2 receptor

Fig. 3A shows that cells treated with 10�6 M BK (open circles)

had a rapid increase in extracellular acidification rates that did

not occur when cells were exposed to the 10�6 M of BK B1

receptor agonist, des-Arg9 BK (black circles). Fig. 3B shows that

the stimulatory effects of BK occurred in sodium-containing

Ham’s F12 medium or in sodium-containing balanced salt

solution, but not in a solution in which tetramethylammonium

(TMA) was substituted for sodium. The effect could be blocked

partially (�50%) by 10�5 M of 5-(N-methyl-N-isobutyl)-amilor-

ide (MIA), an inhibitor of sodium-proton exchangers types 1

and 2 (NHE-1 and -2). Fig. 3C shows studies in which two

specific BK receptor antagonists were examined for inhibition

of BK-stimulated ECAR in HEK293 cells. These studies showed

that the receptor is BK B2 receptor because proton efflux was

blocked by the BK B2 receptor antagonist HOE-140, but not by

the BK B1 receptor antagonist des-Arg10-HOE-140. Thus, Fig. 3

presents evidence that the BK B2 receptor in HEK293 cells

activates proton efflux through stimulation of a NHE.

3.4. Activation of ERK by BK

Treatment of HEK293 cells with 10�6 M of BK resulted in a time-

dependent increase in threonine/tyrosine phosphorylation of

ERK (Fig. 4A). BK treatment produced a 2–3-fold increase in

ERK phosphorylation over basal activity. ERK phosphorylation
140, or the BK B2 receptor antagonist HOE-140, or the

specific PLC inhibitor, U-73122. Cells were preincubated

with 10S5 M of each BK receptor antagonist for 15 min, or

with 10S5 M of U-73122 for 30 min prior to addition of BK.

Presented are average values from at least seven

experiments (BK in the presence or absence of BK receptor

antagonists) and from three experiments (BK + U-73122),

all performed in triplicate. zP < 0.05 vs. BK alone; *P < 0.05

vs. BK alone. Error bars represent the S.E.M.
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peaked at 2–5 min, and returned to the basal levels after 10 min.

BK-stimulated ERK activation in a concentration-dependent

manner with a half-maximal effect (EC50) at 9.8� 0.4 � 10�9 M

(n = 5). At the same time, the selective BK B1 receptor agonist,
Fig. 3 – BK stimulates ECAR in HEK293 cells. (Panel A) ECAR

measurements were obtained as described in Section 2.

BK (white circles) stimulates ECAR, whereas the BK B1

receptor agonist des-Agr9-BK (dark circles) does not. Cells

were exposed to perfusate containing drug during the

time span encompassed by gray box. (Panel B) ECAR

stimulated by 10S6 M of BK in various buffers, including

Ham’s F12 medium, without and with 10S5 M MIA, a

balanced salt solution containing NaCl or TMA substituted

mM per mM for sodium. *P < 0.05 vs. BK alone; zP < 0.01 vs.

BK in balanced salt solution with NaCl. (Panel C) Effects of

BK B2 (HOE-140) and BK B1 (des-Arg10-HOE-140) receptor

antagonists on BK-stimulated ECAR. Antagonists (10S5 M)

were added 30 min prior to addition of BK. All experiments

were performed at least 4 times. zP < 0.01 vs. BK alone.

Error bars in Panels B and C represent the S.E.M.

Fig. 4 – BK activates ERK in HEK293 cells. (Panel A) BK

induces ERK phosphorylation in a time-dependent

manner. HEK293 cells were stimulated with 10S6 M BK for

the indicated periods of time. ERK phosphorylation was

measured by immunoblotting with anti-phospho-ERK

antibodies as described in Section 2. Data points represent

intensities of phospho-ERK bands relative to total-ERK

expressed as fold increase of control (samples without BK

treatment). Inset shows a representative immunoblot

(phospho-ERK). The same blot was stripped and re-probed

with antibodies for total ERK that recognize ERK

independently of phosphorylation state to assure an equal

loading of a protein samples on a gel (total ERK). (Panel B)

Concentration-dependence of BK-induced ERK

phosphorylation. HEK293 cells were stimulated with the

indicated concentrations of BK or des-Agr9-BK for 5 min.

Data points represent intensities of phospho-ERK bands

relative to total ERK measured by densitometry and

expressed as fold increase of control (samples without BK

treatment). Experiments were performed at least three

times. Data are shown as mean W S.E.M.
des-Arg9 BK was not able to stimulate ERK phosphorylation

suggesting that BK B1 receptor probably does not couple to

activation of ERK (Fig. 4B).

3.5. BK stimulates ERK through a BK B2 receptor

HEK293 cells were pretreated for 30 min with the BK B1

receptor antagonist des-Arg10-HOE-140 (10�5 M) or with the BK



Fig. 5 – BK-induced ERK phosphorylation is mediated by BK

B2 receptor. HEK293 cells were pretreated for 30 min with

the BK B1 receptor antagonist des-Arg10-HOE-140 (10S5 M)

or with the BK B2 receptor antagonist HOE-140 (10S5 M),

then were stimulated with 10S6 M of BK for 5 min. ERK

phosphorylation was detected by immunoblotting with

anti-phospho-ERK antibodies as described in Section 2.

Bars represent intensities of phospho-ERK relative to total

ERK expressed as fold increase of control (cells without BK

treatment) phosphorylation. Experiments were performed

three times in duplicates. Data are presented as

mean W S.E.M; **P < 0.01 vs. control; zP < 0.01 vs. BK alone.

Inset shows a representative phospho-ERK blot and the

same blot, stripped and re-probed with antibody for total

ERK.
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B2 receptor antagonist HOE-140 (10�5 M), and then stimulated

with 10�6 M of BK for 5 min. Fig. 5 shows that pretreatment

with HOE-140 prevented the BK-induced activation of ERK,

whereas des-Arg10-HOE-140 was without effect. Thus, BK

stimulates ERK activity via BK B2 receptor.
4. Discussion

What is new about this work is that we unexpectedly have

demonstrated the presence of endogenous functional BK B2

receptors in HEK293 cells. We also detected the presence of

mRNA specific for the BK B1 receptor in these cells.

Although an extensive microarray study in HEK293 cells by

Shaw et al. suggested the presence of mRNA for 28 GPCRs,

including mRNA specific for the BK B2 receptor [14], we did not

come across any reports in the literature of functional

endogenous BK receptors in HEK293 cells. Possible explanations

for this discrepancy are that HEK293 cells either do not express

endogenous BK receptors on a protein level or do not provide

accessory proteins required for BK receptors to be functional.

While studying the mechanism of BK-induced signaling, we

unexpectedly discovered that BK activates ERK in non-

transfected HEK293 cells. After having verified our results in

several separate batches of HEK293 cells, we hypothesized that
these cells posses endogenous BK receptors. We found the

presence of BK B1 and BK B2 receptor mRNAs in cultured HEK293

cells, and demonstrated the presence of these receptors on the

protein level byWestern blotting (Fig. 1).Wechose to investigate

whether these receptors are functional, and tested three

signaling pathways that are known to be stimulated by BK in

other cell types. The BK B2 receptor usually couples to the GTP-

binding protein Gq, and stimulates phospholipase C activity,

causing phosphoinositide hydrolysis, that leads to generation

of inositol triphosphate and to subsequent mobilization of

intracellular Ca2+ from the endoplasmic reticulum [22,23]. BK-

induced intracellular Ca2+ mobilization has been described in

several kidney cell lines including rat mesangial cells [24], the

mIMCD-3 murine inner medullary collecting duct cell line [20],

Kirsten murine sarcoma-virus transformed rat kidney KNRK

cells [25] and the TKPTS mouse proximal tubule epithelial cell

line [26]. BK produced a concentration-dependent elevation of

intracellular Ca2+ in HEK293 cells (Fig. 2) with a EC50 value of

36.5� 8.0 � 10�9 M which is somewhat higher than EC50 values

reported for other renal cell lines that demonstrate nanomolar

potency of BK for stimulating Ca2+ mobilization [20,24,25,26].

Intracellular Ca2+ mobilization was completely blocked by the

specific phospholipase C (PLC) inhibitor, U-73122 supporting the

requirement for PLC activation in the BK-induced Ca2+ signal.

The responsetoBKwasblocked bythe BKB2 receptorantagonist

(HOE-140), but not by the BK B1 receptor antagonist des-Arg10-

HOE-140, indicating a role of the BK B2 receptor. This was

confirmed by the inability of the selective BK B1 receptor agonist

des-Arg9-BKtostimulateCa2+ mobilization inHEK293cells (data

not shown).

Next we decided to test potential roles for BK receptors in the

regulation of sodium-proton exchange in HEK293 cells, because

BK B2 receptors have been shown to activate sodium-proton

exchange in mIMCD-3 cells [20], KNRK cells [25], and in renal

tubular epithelial cells [27]. In our study, HEK293 cells treated

with 10�6 M BK had a rapid increase in ECAR as measured by

microphysiometry (Fig. 3). The burst of Na+-dependent H+ efflux

in response to BK was partially blocked by pre-incubation with

10�5 M MIA, which is an inhibitor of NHE-1 and -2. Because MIA

was able to block only�50% of BK-induced increase in ECAR, we

cannot exclude roles for other isoforms of NHE besides NHE-1

and/or NHE-2. The selective BK B1 receptor agonist des-Arg9-BK

was not able to stimulate ECAR, and the response to BK was

blocked by the BK B2 receptor antagonist (HOE-140), but not by

the BK B1 receptor antagonist des-Arg10-HOE-140, supporting a

role of the BK B2 receptor.

Activation of ERK by BK in kidney cells has been

demonstrated for cultured mesangial cells [6,7], rabbit cortical

collecting duct cells [28], and mIMCD-3 cells [8,15]. In the

current study we showed that in HEK293 cells, BK induces

time- and concentration-dependent threonine/tyrosine phos-

phorylation of ERK, which peaked at 2–5 min after BK

application (Fig. 4). A half-maximal effect (EC50) for BK-

induced ERK activation was at 9.8. � 0.4 � 10�9 M, which

was comparable to EC50 values or estimates reported for BK-

induced ERK activation in cultured mesangial [6,7] and

mIMCD-3 cells [8]. BK-induced ERK activation was blocked

by a BK B2 bradykinin receptor antagonist but not by a BK B1

receptor antagonist, indicating that BK activates ERK via a BK

B2 receptor (Fig. 5).
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In this study we provide evidence that BK B2 receptor in

HEK293 cells is functionally coupled to PLC-dependent

calcium mobilization, increases in sodium-dependent proton

efflux, and ERK phosphorylation. Because the pharmacolo-

gical evidence does not support a role for BK B1 receptor in

stimulation the tested pathways, the functions of the BK B1

receptor in HEK293 cells remain unclear. One possibility is

that this receptor couples to some other signaling pathways

as it has been described in smooth muscle cells, e.g.

eicosanoid production [29] or arachidonic acid release [30].

Another possible function of the BK B1 receptor in HEK293

cells could be a crosstalk between BK B1 and BK B2 receptors.

In that regard, formation of a complex between BK B1 and BK

B2 receptors has been described in prostate cancer PC3 cells

[31], and in HEK293 cells transfected to over-express these

receptors [32].

In summary, our data support the presence of endogenous

BK B1 and BK B2 receptors in HEK293 cells. These results should

be taken under consideration because the HEK293 cell line is

widely used as a model for studying signaling enzymes, ion

channels, and transfected receptors including BK receptors.

Thus, HEK293 cells transfected with the BK B2 receptor cDNAs

(wild type, mutant, and GFP conjugates) have been used to

study BK B2 receptor internalization [12], sequestration [33],

endocytosis, recycling and down-regulation [9], nuclear

localization [10], and the agonist-promoted trafficking [11].

Faussner et al. compared HEK293 cells and Chinese hamster

ovary (CHO) cells expressing wild-type BK B2 receptors, and

demonstrated that ligand-induced receptor-specific seques-

tration and internalization strongly depends on the expres-

sion level of receptors [33]. Interestingly, the authors

mentioned that they were not able to produce HEK293 cells

with low BK B2 receptor expression [33]. A possible explanation

would be the presence of endogenous BK B2 receptors in

HEK293 cells. Therefore, it is essential that HEK293 cells should

be assessed prior to performing experiments that involve

over-expression of wild type or mutant BK receptors. Because

constitutively expressed endogenous proteins can interfere

with exogenously expressed protein function, it is imperative

to control the level of expression and activity of endogenous

BK B1 and BK B2 receptors in HEK293 cells, while performing

experiments that involve over-expression of wild type or

mutant BK receptors.
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