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Abstract We investigated the effect of interleukin-1b
(IL-1b) on activity of an inwardly rectifying K? channel in

cultured human proximal tubule cells (RPTECs), using the

patch-clamp technique and Fura-2 Ca2? imaging. IL-1b
(15 pg/ml) acutely reduced K? channel activity in cell-

attached patches. This effect was blocked by the IL-1

receptor antagonist (20 ng/ml), an inhibitor of phospholi-

pase C, neomycin (300 lM), and an inhibitor of protein

kinase C (PKC), GF109203X (500 nM). The Fura-2 Ca2?

imaging revealed that IL-1b increased intracellular Ca2?

concentration even after removal of extracellular

Ca2?, which was blocked by an inhibitor of inositol

1,4,5-trisphosphate receptors, 2-aminoethoxydiphenyl

borate (2-APB, 1 lM). Moreover, IL-1b suppressed

channel activity in the presence of 2-APB without extra-

cellular Ca2?. These results suggest that IL-1b suppresses

K? channel activity in RPTECs through binding to its

specific receptor and activation of the PKC pathway even

though intracellular Ca2? does not increase.
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Introduction

The kidney proximal tubule reabsorbs about 70 % of the

filtered Na? load [1, 2]. The basolateral K? channels in

proximal tubule cells provide a driving force for the

transepithelial Na? reabsorption by maintaining cell-neg-

ative potential and serving as the K? recycling pathway for

the basolateral Na?-K?-ATPase [1, 2]. We previously

demonstrated that an inwardly rectifying K? channel with

an inward conductance of about 40 pS was predominantly

observed in cultured human proximal tubule cells under the

control condition, using the patch-clamp technique [3].

Since inwardly rectifying K? channels in proximal tubule

cells are reported to be mainly present in the basolateral

membrane [4], this 40 pS K? channel would also be

basolateral in origin, even though the cultured cells we

used were not well polarized [5].

In addition to their physiological importance, K?

channels in the proximal tubule seem to be involved in the

pathogenesis of renal cell injury. Some investigators

reported that increased K? channel activity augmented

hypoxic tissue damage in proximal tubules [6, 7], whereas

others reported that reduction of K? channel activity

exacerbates ischemic/reperfusion injury [8] or endotoxemic

renal failure [9].

It is widely accepted that proinflammatory cytokines are

the key molecules of cell injury in various organs during

inflammatory diseases [10]. In the kidney, acute renal

failure is often caused by a severe bacterial infection [11,

12]. The bacteria-derived endotoxin stimulates production

of proinflammatory cytokines, which in turn accelerate

renal tubular cell injury [13, 14], as well as impairment of

glomerular filtration [15]. Since the changes in K? channel

activity were involved in the renal cell injury as described

above, it is possible that the adverse effect of proinflam-

matory cytokines on renal tubular cells would partly be

mediated by modulation of K? channel activity. However,

there are only a few reports regarding the effects of pro-

inflammatory cytokines on activity of renal K? channels

[16, 17]. In rat thick ascending limb, Wei et al. [16]

reported that tumor necrosis factor acutely stimulated

activity of the apical K? channel. We demonstrated that
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interferon-c possessed delayed suppressive and acute

stimulatory effects on activity of the inwardly rectifying

K? channel in cultured human proximal tubule cells [17].

Interleukin-1b (IL-1b) is another well-known proin-

flammatory cytokine which plays important roles in pro-

moting renal cell injury [13–15]. Part of the cytotoxic

effect of IL-1b might be related to its effect on K? channel

activity. In addition, IL-1b reduces renal tubular transport

of Na? [18] and glucose [19], whose driving force is partly

dependent on K? channel activity. Thus, it is important to

examine how IL-1b affects the activity of renal K?

channels.

In this study, we investigated the effect of IL-1b on

activity of an inwardly rectifying K? channel in cultured

human proximal tubule cells, using the patch-clamp tech-

nique and Fura-2 Ca2? imaging.

Materials and methods

Cell culture

Renal proximal tubule epithelial cells (RPTECs) of normal

kidney origin (36-year-old man, lot 3F0307) were pur-

chased from Lonza (Walkersville, MD, USA). The manu-

facturer guaranteed that [90 % of the cells were positive

for c-GTP, a marker protein specific to the proximal tubule

[20]. These cells were provided as secondary cultures and

maintained up to 6th passage in the REGM medium

(Lonza) in a humidified atmosphere of 5 % CO2/95 % air

at 37 �C. When the culture reached 70–80 % confluence,

the RPTECs were dispersed with trypsin/EDTA and

resuspended in REGM. Then, the cells were seeded on

collagen-coated coverslips (Asahi Techno Glass, Tokyo,

Japan) placed in a /35-mm dish (Falcon, Franklin Lakes,

NJ, USA) for the patch-clamp experiments or directly on a

/35-mm dish with a /12-mm polymer bottom (BMS,

Tokyo, Japan) for Fura-2 Ca2? imaging at a density of

1 9 105 cells/dish. After a 3- to 7-h incubation, the cov-

erslip was transferred to an open-bath heating chamber

mounted on an inverted microscope for the patch-clamp.

The polymer-bottom dish was similarly transferred to a

heater platform mounted on an inverted fluorescent

microscope for Ca2? imaging. All experiments were per-

formed at 33 �C.

Solutions

The control bath solution contained (in mM) 140 NaCl, 5

KCl, 1 CaCl2, 1 MgCl2, 5 glucose, and 10 HEPES. For the

Ca2?-free bath solution, CaCl2 was omitted from the

control bath solution. Patch pipettes were filled with a KCl

solution, which contained (in mM) 145 KCl, 1 MgCl2, 1

EGTA, and 5 HEPES. In inside-out patches, the KCl

solution containing 10-6 M Ca2? was used as the bath

solution. The solution with 10-6 M Ca2? was prepared by

adding an adequate amount of CaCl2 and 10 mM EGTA

according to the computer program of Oiki and Okada [21],

which was made by using the absolute values of stability

constant of EGTA for the binding of Ca2?, Mg2? and H?

[22]. These solutions were titrated to pH7.3 with NaOH or

KOH.

Test substances

IL-1b and IL-1 receptor antagonist (IL-1ra) were pur-

chased from PeproTech EC (London, UK) and ProSpec-

Tany TechnoGene (Rehovot, Israel), respectively. Protein

kinase C-a (PKC-a), an inhibitor of PKC, GF109203X,

and an inhibitor of phospholipase C (PLC), neomycin,

were purchased from Merck (Darmstadt, Germany).

MgATP, phorbol-12-myristate-13-acetate (PMA), and

2-aminoethoxydiphenyl borate (2-APB) were from Sigma

(St. Louis, MO, USA). GF109203X, PMA and 2-APB

were dissolved in dimethyl sulfoxide (DMSO) as stock

solutions, whereas the others were dissolved in water.

These stock solutions were diluted with the bath solution

before use and added to the bath by hand pipetting. The

final concentration of DMSO in the bath was 0.023 % or

less, which did not affect channel activity and intracel-

lular Ca2? concentration.

Patch-clamp technique

Single channel currents were recorded with cell-attached

and inside-out patches applied to the surface membrane of

single RPTECs. Patch pipettes were fabricated from glass

capillaries (GC150-7.5, Warner, Hamden, CT, USA), with

the resistance ranging from 3 to 4 MX when filled with the

KCl solution. The pipette holding potential (Vp) was set at

0 mV for cell-attached patches and ?50 mV for inside-out

patches. Current signals were recorded with a patch-clamp

amplifier Axopatch 700B (Molecular Devices, Sunnyvale,

CA, USA) and stored on a DAT recorder (RD-120TE,

TEAC, Tokyo, Japan). The recorded signals were then low-

pass filtered (3611 Multifunction Filter, NF electronic

instruments, Tokyo, Japan) at 500 Hz and digitized at a

rate of 2.5 kHz through an interface (Digidata 1440A,

Molecular Devices). The acquired data were analyzed with

pCLAMP10 software (Molecular Devices). Current traces

of downward deflections represented inward currents.

Channel activity was determined by NPo, which was cal-

culated from an amplitude histogram as

NPo ¼
XN

n¼1

n � tn
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where N is the maximum number of open channels

observed in the patch, Po is the open probability, n is the

number of channels observed at the same time, and tn is the

probability that n channels are simultaneously open. Since

the control values of NPo varied among patches, we

calculated normalized channel activity (NPo,e/NPo,c) to

conveniently compare the channel activity in experimental

conditions with controls. NPo,c and NPo,e are the channel

activities under control and experimental conditions,

respectively. Routinely, we determined NPo,c from a 20-s

sampling period just before adding the substance when the

steady state lasted for at least 60 s. NPo,e was determined

from a 20-s sampling period extracted from the steady state

for at least 20–30 s made by the experimental substance.

Fluorescent Ca2? imaging

Intracellular concentration of Ca2? ([Ca2?]i) was measured

by using the InCyt Basic IM imaging system (Intracellular

Imaging, Cincinnati, OH, USA), as reported previously by

Kubokawa et al. [23]. RPTECs on the polymer-bottom

dishes were loaded with Fura-2 by a 20-min incubation in

REGM medium containing 5 lM Fura-2AM (Dojindo,

Kumamoto, Japan) at 37 �C. After loading, dishes were

thoroughly washed with the control bath solution to

remove excess dye and placed on the heater platform

mounted on a fluorescent microscope. The loaded Fura-2

was sequentially excited by two wavelengths at 340 and

380 nm. The fluorescent emissions at 510 nm in response

to both excitations were captured as paired signals every

5 s by a monochrome CCD camera, with the objective set

at 409.

Standard calibration of single RPTECs was carried out,

and [Ca2?]i was calculated by using the equation described

by Grynkiewicz et al. [24] as

½Ca2þ�i ¼ Kd �
Sf2

Sb2

� �
� ðR� RminÞ
ðRmax � RÞ

where R represents the ratio of F340:F380, with the former

and latter being fluorescent intensities excited at 340 and

380 nm, respectively; Rmin and Rmax are the F340:F380

ratios corresponding to the minimum and maximal Ca2?

concentrations; Sf2 represents the F380 value measured

when Ca2? is not bound to Fura-2 and Sb2 represents the

F380 value measured when Fura-2 is fully bound to Ca2?;

and Kd is the Ca2? dissociation constant of the indicator.

Rmax was obtained by adding the Ca2? ionophore, iono-

mycin (5 lM, Wako, Osaka, Japan), to the control bath

solution with 1 mM Ca2?, and Rmin was obtained by add-

ing ionomycin to the Ca2?-free bath solution with 5 mM

EGTA. The Kd value of 230 nM for Fura-2 was adopted in

this study.

Statistical analysis

Data are expressed as mean ± SE. Student’s t-test or

ANOVA in conjunction with Bonferroni t-test was used for

statistical comparisons. A P value less than 0.05 was

considered to be significant.

Results

Effect of IL-1b on K? channel activity

Figure 1a shows a representative current recording in

response to IL-1b, which was obtained from a cell-attached

patch. IL-1b added to the bath at 15 pg/ml suppressed

activity of an inwardly rectifying K? channel in a few

minutes. To confirm that the acute suppressive effect of IL-

1b was mediated by its specific receptor, we tested the IL-

1ra. As shown in Fig. 1b, prior addition of IL-1ra to the

bath at 20 ng/ml blocked the suppressive effect of IL-1b.

Furthermore, the channel activity suppressed by IL-1b was

restored by the subsequent addition of IL-1ra (Fig. 1c).

Data were pooled and are summarized in Fig. 1d. IL-1b
reduced channel activity to 33.5 ± 9.2 % of the control.

IL-1ra almost completely blocked the suppressive effect of

IL-1b, with the channel activity remaining at the control

level. In addition, IL-1ra restored the channel activity

suppressed by IL-1b to a level which was not significantly

different from the control. These results suggested that the

acute suppressive effect of IL-1b was receptor-mediated,

but not a non-specific action.

Effect of a PKC inhibitor on the IL-1b-induced

suppression of channel activity

It has been reported that the PKC-mediated phosphoryla-

tion processes suppressed activity of the native inwardly

rectifying K? channels in opossum kidney proximal tubule

(OKP) cells [25], Ambystoma proximal tubule cells [26],

and principal cells of rat cortical collecting duct (CCD)

[27]. In addition, some investigators reported that IL-1b
inhibited activity of a voltage-dependent Ca2? channel in

guinea-pig hippocampal neurons [28] or expression of

epithelial sodium channel in human middle ear [29]

through activation of PKC. Therefore, we examined whe-

ther the suppressive effect of IL-1b on K? channel activity

in RPTECs would have some relation to the PKC pathway.

As shown in Fig. 2a, a PKC inhibitor, GF109203X, added

to the bath at 500 nM blocked the suppressive effect of IL-

1b on channel activity, while GF109203X itself did not

affect channel activity. Figure 2b further shows that

GF109203X reactivated the channel which was suppressed

by IL-1b. Data on the effects of GF109203X are
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summarized in Fig. 2c. Channel activity in the presence of

GF109203X alone was the same level as the control. IL-1b
had no significant effect on channel activity when

GF109203X had been added in advance. It was also evi-

dent that the IL-1b-induced significant reduction of chan-

nel activity (36.7 ± 8.1 % of the control) was reversed by

the subsequent addition of GF109203X, with the channel

activity returning to the level comparable to the control.

Thus, it is highly likely that the suppressive effect of IL-1b
was dependent on PKC activity.

Direct effect of PKC on channel activity

In this experiment, we examined the effect of cytoplasmic

PKC on channel activity in inside-out patches. Figure 3a is

a representative current recording in response to PMA and

PKC-a isoform. The bath solution was a high K?

(145 mM) solution, which contained Ca2? of 10-6 M for

the activation of PKC. This high K? bath solution also

contained 1 mM MgATP, since the activity of this K?

channel requires cytoplasmic ATP to maintain its activity

in inside-out patches [3]. Although addition of PMA alone

at 500 nM had no effect on channel activity, the subsequent

addition of PKC-a at 1 U/ml suppressed it (Fig. 3a), which

was abolished by GF109203X. Data were pooled and are

summarized in Fig. 3b. There was no statistically signifi-

cant difference between the control (MgATP alone) and

Fig. 1 Effect of IL-1b on K? channel activity and its abolishment by

IL-1ra in cultured human proximal tubule cells. a–c Representative

current traces showing acute suppression of channel activity by IL-1b
(a), blockade of the suppressive effect by IL-1ra (b), and restoration

of channel activity by IL-1ra in the presence of IL-1b (c). Dotted line

represents the closed channel level. Short thick horizontal bar on the

left of each trace represents the open channel level. The NPo values

calculated from these current traces were 0.75–0.86 for controls, 0 for

IL-1b alone, 0.82 for IL-1ra alone, 0.84 for IL-1ra ? IL-1b, and 0.68

for IL-1b ? IL-1ra. The doses of IL-1b and IL-1ra were 15 pg/ml

and 20 ng/ml, respectively. Each trace was obtained from separate

cell-attached patches at a Vp of 0 mV. d Summary of the effects of IL-

1b on channel activity and its blockade by IL-1ra. From the top,

effects of IL-1b (n = 18), IL-1ra (n = 10), IL-1b in the presence of

IL-1ra (n = 10), and IL-1ra added to the bath after IL-1b (n = 8).

**P \ 0.01, significantly different compared with the initial control

level

Fig. 2 Involvement of PKC in the acute suppressive effect of IL-1b
on channel activity. a Representative current trace showing that a

PKC inhibitor, GF109203X, blocked the suppressive effect of IL-1b.

b GF109203X restored the channel activity which was suppressed by

IL-1b. The NPo values calculated from these current traces were

0.78–0.83 for controls, 0.85 for GF109203X alone, 0.83 for

GF109203X ? IL-1b, 0 for IL-1b alone, and 0.64 for IL-1b ?

GF109203X. The doses of IL-1b and GF109203X were 15 pg/ml and

500 nM, respectively. Each trace was obtained from separate cell-

attached patches at a Vp of 0 mV. c Summary of the effects of

GF109203X on the IL-1b-induced suppression of channel activity.

From the top, effects of GF109203X alone (n = 12), IL-1b in the

presence of GF109203X (n = 12), IL-1b (n = 8), and GF109203X

added after IL-1b (n = 8). **P \ 0.01, significantly different com-

pared with the initial control level
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PMA-treated groups, whereas PKC-a significantly reduced

channel activity to 21.3 ± 6.0 % of the control in the

presence of MgATP and PMA. The channel activity sup-

pressed by PKC-a was restored by GF109203X to the

control level. These results suggested that PKC directly

suppressed the activity of the K? channel in RPTECs.

Effect of a PLC inhibitor on the IL-1b-induced

suppression of channel activity

It is well known that PLC plays an important role in acti-

vating the PKC pathway [30]. PLC hydrolyzes phosphati-

dylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG), both of

which contribute to activation of PKC [30, 31]. Therefore,

we examined whether a PLC inhibitor would interfere with

the suppressive effect of IL-1b on channel activity. As

shown in Fig. 4a, a PLC inhibitor, neomycin, added to the

bath at 300 lM blocked the suppressive effect of IL-1b,

while the IL-1b-induced suppression of channel activity

was observed in the same patch after washing out the

neomycin. Data are summarized in Fig. 4b. Neomycin

itself did not affect channel activity. IL-1b had no signif-

icant effect on channel activity in the presence of neomy-

cin, although it reduced channel activity to 38.8 ± 11.5 %

of the control after washing out the neomycin. These

results suggest that the PKC-dependent suppressive effect

of IL-1b is mediated by PLC.

Effect of IL-1b on [Ca2?]i

One of the PLC-hydrolyzed PIP2 derivatives, IP3, induces

Ca2? release from the intracellular store by binding to IP3

receptors [30, 31]. The resultant increase in [Ca2?]i, as well

as DAG, is necessary for activation of some PKC isoforms

[32]. In the following set of experiments, we examined the

effect of IL-1b on [Ca2?]i by using Fura-2 Ca2? imaging.

Figure 5a is a representative trace of Fura-2 Ca2? imaging

in response to IL-1b, showing that IL-1b added to the bath

at 15 pg/ml caused a transient rise in [Ca2?]i. This effect of

IL-1b was blocked by the prior addition of IL-1ra to the

bath at 20 ng/ml (Fig. 5b). These data are summarized in

Fig. 5c. The peak value of [Ca2?]i in response IL-1b
(170 ± 12 nM) was significantly higher than the [Ca2?]i

under control conditions (112 ± 10 nM). However, the

Fig. 3 Direct suppressive effect of PKC on channel activity in inside-

out patches. a Representative current trace showing that PKC-a
suppressed channel activity in the presence of MgATP and PMA,

with the subsequent addition of GF109203X restoring channel

activity. The Vp was held at ?50 mV. The bath solution used was a

KCl solution containing 10-6 M Ca2?. In this trace, the calculated

NPo values were 0.83 for control, 0.81 for PMA alone, 0 for

PMA ? PKC-a, and 0.78 for PMA ? PKC-a ? GF109203X. The

doses of MgATP, PMA, PKC-a, and GF109203X were 1 mM,

500 nM, 1 U/ml, and 500 nM, respectively. b Summary of the effects

of PMA (n = 8), PKC-a in the presence of PMA (n = 8), and

GF109203X added after PMA and PKC (n = 6). **P \ 0.01,

significantly different compared with the control level, which was

maintained by MgATP alone

Fig. 4 Effect of a PLC inhibitor on the IL-1b-induced suppression of

channel activity. a Representative current trace showing that IL-1b
did not suppress channel activity in the presence of neomycin,

whereas IL-1b alone suppressed the channel after washing out

neomycin. In this trace, the calculated NPo values were 0.78 for

control, 0.82 for neomycin alone, 0.83 for neomycin ? IL-1b, and

0.05 for IL-1b alone. The doses of neomycin and IL-1b were 300 lM

and 15 pg/ml, respectively. b Summary of the effects of neomycin

(n = 11), IL-1b in the presence of neomycin (n = 11), and IL-1b
alone after washing-out (n = 7). **P \ 0.01, significantly different

compared with the initial control level
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effect of IL-1b was not observed in the presence of IL-1ra,

with the [Ca2?]i remaining at the control level. IL-1ra

alone had no significant effect on [Ca2?]i. In addition to

IL-1ra, neomycin (300 lM) also blocked the effect of

IL-1b on [Ca2?]i (Fig. 6a), which was consistent with the

patch-clamp experiments. The [Ca2?]i values in response

to neomycin alone and IL-1b in the presence neomycin

were not significantly different from the control value

(116 ± 11 nM, Fig. 6b), although IL-1b caused a signifi-

cant rise in [Ca2?]i after washing out the neomycin

(173 ± 13 nM, Fig. 6b). These results suggest that the

effect of IL-1b on [Ca2?]i is also mediated by its specific

receptor and PLC, as is the effect on channel activity.

Involvement of intracellular Ca2? store in the IL-1b-

induced rise in [Ca2?]i

We further examined whether the IL-1b-induced rise in

[Ca2?]i would be accounted for by Ca2? release from the

intracellular store. As shown in Fig. 7a, IL-1b caused

transient rises in [Ca2?]i in both the absence and presence

of extracellular Ca2?. The peak values of [Ca2?]i in

response to IL-1b in the absence and presence of extra-

cellular Ca2? were 159 ± 5 and 152 ± 6 nM, respectively,

both of which were significantly higher than the control

value of 121 ± 11 nM (Fig. 7b). Removal of extracellular

Ca2? slightly reduced [Ca2?]i to 111 ± 6 nM, but this

change was insignificant (Fig. 7b). Figure 7c is a repre-

sentative trace showing that the effect of IL-1b on [Ca2?]i

in the Ca2?-free bath was blocked by 2-APB (1 lM), while

the effect was evident after washing out the 2-APB. Data

on the effects of 2-APB in the Ca2?-free bath are sum-

marized in Fig. 7d. Addition of 2-APB to the bath caused a

slight but insignificant decrease in [Ca2?]i (98 ± 12 nM),

Fig. 5 Effect of IL-1b on

intracellular Ca2? concentration

([Ca2?]i) in cultured human

proximal tubule cells.

a Representative trace of Fura-2

Ca2? imaging which shows that

IL-1b caused a transient rise in

[Ca2?]i. b The IL-1b-induced

rise in [Ca2?]i did not occur in

the presence of IL-1ra, although

the effect of IL-1b was still

observed after washing out

IL-1ra. The doses of IL-1b and

IL-1ra were 15 pg/ml and

20 ng/ml, respectively. Each

trace was recorded with separate

cells. c Summarized data

showing [Ca2?]i under the

control condition (n = 24) and

[Ca2?]i in response to IL-1b
(n = 24), IL-1ra (n = 10), and

IL-1b in the presence of IL-1ra

(n = 10). *P \ 0.05,

significantly different compared

with the control

Fig. 6 Effect of a PLC inhibitor, neomycin, on the IL-1b-induced

rise in [Ca2?]i. a Representative trace of Fura-2 Ca2? imaging which

shows that neomycin blocked the IL-1b-induced rise in [Ca2?]i. IL-1b
was still capable of increasing [Ca2?]i after washing out neomycin.

The doses of neomycin and IL-1b were 300 lM and 15 pg/ml,

respectively. b Summarized data showing [Ca2?]i under the control

condition (n = 9) and [Ca2?]i in response to neomycin (n = 9), IL-1b
in the presence of neomycin (n = 9), and IL-1b alone (n = 9).

*P \ 0.05, significantly different compared with the control
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compared to the control (113 ± 8 nM). The [Ca2?]i value

in response to IL-1b in the presence of 2-APB

(99 ± 9 nM) was also insignificant compared to the con-

trol, although IL-1b caused a significant rise in [Ca2?]i

after removal of 2-APB (161 ± 9 nM). It has been repor-

ted that 2-APB inhibited IP3 receptors, as well as Ca2?

influx through the Ca2? permeable channels in the plasma

membrane [33]. Since our results showed that IL-1b
increased [Ca2?]i in the absence of extracellular Ca2?,

which was blocked by 2-APB, it seems highly likely that

the Ca2? release from the intracellular store would be

involved in the IL-1b-induced rise in [Ca2?]i.

Effect of blocking IP3 receptors on the IL-1b-induced

suppression of channel activity in the absence

of extracellular Ca2?

Finally, we examined the effect of 2-APB on the IL-1b-

induced suppression of channel activity in the absence of

extracellular Ca2?, using the cell-attached configuration of

the patch-clamp technique. As shown in Fig. 8a, IL-1b
suppressed channel activity even in the presence of 2-APB

in the Ca2?-free bath solution. When GF109203X was

concomitantly present, IL-1b did not suppress the channel

(Fig. 8b), suggesting that the effect of IL-1b in the pres-

ence of 2-APB would actually be mediated by PKC. Data

are summarized in Fig. 8c. There was no appreciable

change in channel activity in response to 2-APB alone. IL-

1b reduced channel activity even in the presence of 2-APB

to 36.2 ± 9.8 % of the control, whereas this effect was

abolished by the additional use of GF109203X, with the

channel activity being around the control level.

Discussion

In this study, we demonstrated that IL-1b acutely sup-

pressed K? channel activity in a PKC-dependent manner in

RPTECs. As we reported previously [3], this K? channel

was most frequently observed under the control conditions,

and exhibited inward rectification (Gi/Go = 40 pS/7 pS).

Because we used the cultured cells in a configuration with

poor polarity [5], it was not certain whether this K?

channel would represent the apical or basolateral one in

Fig. 7 Involvement of intracellular Ca2? store in the IL-1b-induced

rise in [Ca2?]i. a Representative trace of Fura-2 Ca2? imaging which

shows that IL-1b increased [Ca2?]i in both the Ca2?-free bath

solution (dotted line at the bottom of trace) and the control bath

solution containing 1 mM Ca2?. b Summarized data showing [Ca2?]i

under the control condition (n = 10) and [Ca2?]i in response to

removal of extracellular Ca2? (n = 10) and IL-1b with (n = 10) or

without (n = 10) extracellular Ca2?. *P \ 0.05, significantly differ-

ent compared with the control. c Representative trace of Fura-2 Ca2?

imaging which shows that 2-APB blocked the IL-1b-induced rise in

[Ca2?]i in the absence of extracellular Ca2?. Dotted line at the bottom

of trace represents the period during which the Ca2?-free bath

solution was used. The doses of 2-APB and IL-1b were 1 lM and

15 pg/ml, respectively. d Summarized data showing [Ca2?]i under the

control condition (n = 8) and [Ca2?]i in response to 2-APB (n = 8),

IL-1b in the presence of 2-APB (n = 8), and IL-1b alone (n = 8).

*P \ 0.05, significantly different compared with the control
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native cells. However, it has been reported that inwardly

rectifying K? channels in proximal tubule cells are mainly

distributed in the basolateral membrane [4]. Furthermore,

the activity of the RPTECs’ K? channel was pH-sensitive

[3], stimulated by protein kinase A [3], and suppressed by

PKC, consistent with the properties of basolateral K?

channels in animal proximal tubule cells [2, 26]. Thus, it

seems likely that the inwardly rectifying K? channel

observed in this study in RPTECs would correspond to the

basolateral one.

IL-1b is a representative member of the IL-1 super-

family which comprises at least 11 molecules [34, 35]. It

plays important roles in promoting inflammatory processes

and cell injury in various organs by inducing many effector

proteins [36, 37]. In the kidney, the cytotoxicity of IL-b

might involve K? channel activity. Some investigators

reported that changes in activity of the K? channel resulted

in renal cell injury during ischemia [6–8] or endotoxemia

[9]. Thus, it is possible that the cytotoxic effects of IL-1b
on kidney functions might partly be accounted for by its

modulatory action on renal K? channels. In addition to

promoting cell injury, IL-1b impaired renal transport of

Na? [18] or glucose [19] during severe inflammation.

These findings suggest that renal transporters of Na? or

glucose would be the targets of this proinflammatory

cytokine. Since the transport of Na? and glucose in the

kidney is partly dependent on the activity of renal tubular

K? channels [1, 2], it is possible that the impaired transport

would be due to inhibition of renal K? channels by IL-1b.

However, so far there has been no information available

regarding the effects of IL-1b on renal tubular K?

channels.

The first event for the wide variety of biological actions

of IL-1b is its binding to type 1 IL-1 receptors (IL-1R1) on

the plasma membranes of target cells [38]. Upon ligand

binding, IL-1R1 associates with the IL-1-receptor acces-

sory protein (IL-1RAcP) to form a complex which then

initiates various signal transduction pathways [38]. The

binding of IL-1b to IL-1R1 is competitively blocked by a

naturally occurring receptor antagonist, IL-1ra, which also

belongs to the IL-1 superfamily [35, 38]. Although IL-1ra

binds to I IL-1R1, it does not trigger signal transduction

[37, 38]. From our data using IL-1ra, it is strongly sug-

gested that the cultured human proximal cells expressed

IL-1R1 and that the IL-1b acted on the channel through its

binding to the specific receptor.

The downstream effectors activated by the IL-1R1/IL-

1AcP complex include IL-1 receptor associating kinase

(IRAK), phosphatidylinositol-3-kinase (PI3K), and PLC

[38]. IRAK is generally thought to be involved in activa-

tion of several transcription factors, such as NFjB and AP-1

whose actions need a longer time to be expressed [38].

Thus, IRAK’s contribution to the acute effect of IL-1b on

channel activity would be little, if any. In addition, we

previously confirmed that PI3K inhibitors reduced the basal

activity of the K? channel in cultured human proximal

tubule cells [17]. This indicated that PI3K had a positive

effect on K? channel activity. Thus, PI3K seemed not to

mediate the acute suppressive effect of IL-1b. PLC acti-

vates PKC by providing DAG and IP3 which induces Ca2?

release from the intracellular store [30, 31]. The PKC-

mediated protein phosphorylation is known to rapidly

suppress activities of renal tubular K? channels, such as the

native 35 pS apical K? channel in principal cells of CCD

[27], the ROMK channel (Kir1.1) [39], Kir7.1 [40], the

basolateral 25 pS K? channel in Ambystoma proximal

tubule cells [26], and the 90 pS K? channel in cultured

OKP cells [25]. In this study, we demonstrated that the

Fig. 8 Effect of 2-APB on the IL-1b-induced suppression of channel

activity in the Ca2?-free bath solution. a Representative current trace

showing that the IL-1b suppressed channel activity in the presence of

2-APB with the Ca2?-free bath solution. b The effect of IL-1b in the

presence of 2-APB was blocked by GF109203X. Filled bar above the

trace indicates the use of Ca2?-free bath solution. The NPo values

calculated from these current traces were 0.77–0.82 for controls,

0.76–0.82 for 2-APB alone, 0.19 for 2-APB ? IL-1b, 0.76 for

2-APB ? GF109203X, and 0.81 for 2-APB ? GF109203X ? IL-1b.

The doses of 2-APB, IL-1b, and GF109203X were 1 lM, 15 pg/ml,

and 300 lM, respectively. Each trace was obtained from separate

cell-attached patches at a Vp of 0 mV. c Summary of the effects of

2-APB (n = 17), IL-1b in the presence of 2-APB (n = 7), and IL-1b
in the presence of 2-APB and GF109203X (n = 10). ** P \ 0.01,

significantly different compared with the initial control level
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suppressive effect of IL-1b on channel activity was

blocked by inhibitors of PLC and PKC in cell-attached

patches. Also, in inside-out patches, the K? channel

activity was directly suppressed by PKC. Moreover, the

inside-out patch experiments showed that addition of

GF109203X restored the PKC-mediated suppression of

channel activity. The restoration of channel activity by the

inhibition of PKC may result from dephosphorylation,

dominated by membrane-bound phosphatases. In this

regard, it was reported that protein phosphatase-2B (PP-

2B) was anchored to the cytoplasmic membrane through

binding to an A kinase anchoring protein (AKAP) com-

plex, AKAP79/150 [41]. Furthermore, PP-2B was reported

to dephosphorylate the Ca2?/calmodulin-dependent protein

kinase II-mediated and probably the PKC-mediated phos-

phorylation processes to rescue the K? channel activity

suppressed by these kinases [23]. Therefore, it is possible

that the membrane-bound PP-2B would be involved in the

restoration of channel activity suppressed by PKC in

inside-out patches in our study. Taken together, these

results strongly suggested that the PLC/PKC-mediated

processes were crucial for the effect of IL-1b on channel

activity. Although there is no doubt that PKC would be

involved in the suppressive effect of IL-1b on channel

activity, it seemed that the PKC activity would be rela-

tively low or rather silent under the control conditions in

cultured human proximal tubule cells. This notion was

supported by the observations that the PKC inhibitor, as

well as the PLC inhibitor, had no apparent effect on the

basal activity of the K? channel. Similar ineffectiveness of

PKC inhibitors was reported with the 35 pS K? channel of

rat CCD [42].

Fura-2 Ca2? imaging clearly showed that IL-1b tran-

siently increased [Ca2?]i in the receptor-specific and PLC-

dependent manners. The peak values of [Ca2?]i in

response to IL-1b were not significantly different between

the Ca2?-free and Ca2?-containing bath solutions. In

addition, 2-APB blocked the effect of IL-1b on [Ca2?]i in

the absence of extracellular Ca2?. It has been reported

that 2-APB inhibited both Ca2? influx and the IP3

receptor-mediated Ca2? release from the intracellular

store, but not the ryanodine receptor-mediated Ca2?

release from the intracellular store [33]. Taken together, it

was strongly suggested that the IL-1b-induced rise in

[Ca2?]i would mostly be attributable to the IP3-mediated

Ca2? release. The involvement of IP3-mediated Ca2?

release in IL-1b signaling is consistent with the previous

reports of other investigators [43, 44]. However, it seemed

that the IL-1b-induced rise in [Ca2?]i was not necessarily

required for the activation of PKC and the subsequent

suppression of K? channel activity in cultured human

proximal cells. In fact, the suppressive effect of IL-1b on

channel activity was evident in the presence of 2-APB in

the Ca2?-free bath solution, where increase in [Ca2?]i did

not occur. This effect of IL-1b on channel activity in the

presence of 2-APB was unambiguously PKC-dependent,

since a PKC inhibitor, GF109203X, abolished it. PKC is

classified into three types that include the conventional

PKC, novel PKC and atypical PKC, each of which further

consists of multiple isoforms [32]. The conventional PKC

requires Ca2? for its activation as well as DAG, whereas

others are independent of Ca2? [32]. According to the

report by Karim et al. [45] using Western blot analysis,

PKC-a, d, e and f isoforms were present in the rat

proximal tubule. Among these isoforms, the last three do

not require Ca2? for their activations [32]. Thus, it is

possible that Ca2?-independent PKC isoforms would play

roles in the IL-1b-induced suppression of channel activity

in the presence of 2-APB without extracellular Ca2?.

Nevertheless, the possibility that the Ca2?-dependent PKC

isoform(s) might contribute to the IL-1b-induced sup-

pression of channel activity under physiological condi-

tions could not be excluded. Although the magnitude of

the IL-1b-induced rise in [Ca2?]i was relatively small, a

similar increase in [Ca2?]i was reported to activate con-

ventional PKC isoforms in human cultured breast epi-

thelial cells [46].

In summary, IL-1b acutely suppresses activity of an

inwardly rectifying K? channel in cultured human proxi-

mal tubule cells through its binding to the specific receptor

and the subsequent activation of the PLC/PKC pathway.

Since IL-1b suppressed channel activity despite the lack of

increase in [Ca2?]i, Ca2?-independent PKC isoforms

would be mainly involved, even though the participation of

Ca2?-dependent PKC isoforms might not be excluded. The

IL-1b-induced suppression of K? channel activity would

account for the impaired renal functions, such as dimin-

ished reabsorption of Na? [18] and glucose [19] during

inflammation. The causal relationship between the IL-1b-

induced channel suppression and renal cell injury needs to

be further clarified.
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