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Abstract Activity of an inwardly rectifying K™ channel
with inward conductance of about 40 pS in cultured human
renal proximal tubule epithelial cells (RPTECs) is regu-
lated at least in part by protein phosphorylation and
dephosphorylation. In this study, we examined involve-
ment of calcineurin (CaN), a Ca’*/calmodulin (CaM)—
dependent phosphatase, in modulating K™ channel activity.
In cell-attached mode of the patch-clamp technique,
application of a CaN inhibitor, cyclosporin A (CsA, 5 uM)
or FK520 (5 pM), significantly suppressed channel activ-
ity. Intracellular Ca>" concentration ([Ca®"],) estimated by
fura-2 imaging was elevated by these inhibitors. Since
inhibition of CaN attenuates some dephosphorylation with
increase in [Ca2+],», we speculated that inhibiting CaN
enhances Ca”*"-dependent phosphorylation, which might
result in channel suppression. To verify this hypothesis, we
examined effects of inhibitors of PKC and Ca*"/CaM-
dependent protein kinase-II (CaMKII) on CsA-induced
channel suppression. Although the PKC inhibitor
GF109203X (500 nM) did not influence the CsA-induced
channel suppression, the CaMKII inhibitor KN62 (20 uM)
prevented channel suppression, suggesting that the channel
suppression resulted from CaMKII-dependent processes.
Indeed, Western blot analysis showed that CsA increased
phospho-CaMKII (Thr286), an activated CaMKII in
inside—out patches, application of CaM (0.6 pM) and
CaMKII (0.15 U/ml) to the bath at 107® M Ca*" signifi-
cantly suppressed channel activity, which was reactivated
by subsequent application of CaN (800 U/ml). These
results suggest that CaN plays an important role in
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supporting K™ channel activity in RPTECs by preventing
CaMKII-dependent phosphorylation.
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Introduction

The physiological significance and regulatory mechanisms
of ion channels including many types of K* channels have
been investigated in a variety of cell membranes. In renal
tubular epithelia, several kinds of K* channels are reported
in both apical and basolateral membranes along the neph-
ron segments (Wang et al. 1997), and the physiological
importance and molecular characteristics of these channels
have been investigated (Hebert et al. 2005). Among several
segments of the nephron, the proximal tubules predomi-
nantly expressed some inwardly rectifying K™ channels at
the basolateral membranes in both amphibian (Mauerer
et al. 1998a; Robson and Hunter 2005) and mammalian
(Parent et al. 1988; Noulin et al. 1999; Ye et al. 2006)
kidneys. They play a key role in the formation of cell
negative potential, which serves as the driving force for
several ions and solute transport across the tubular epithelia
(Sackin and Boulpaep 1983). Thus, investigation of the
regulatory mechanism for the K* channel is indispensable
to clarifying the functional significance of proximal tubule
not only in normal conditions but also in kidney diseases.

In cultured human renal proximal tubule epithelial cells
(RPTECs), we have demonstrated that a native inwardly
rectifying K* channel with inward conductance of about 40
pS is frequently observed in cell-attached patches under the
control condition (Nakamura et al. 2002). Although the
location of the K+ channel in human proximal tubule cells
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is still unknown, several lines of evidence suggest that the
K* channel corresponds to the basolateral one. First, as
mentioned above, the inwardly rectifying K+ channels of
the proximal tubule cells are mainly present at the basolat-
eral membrane (Parent et al. 1988; Noulin et al. 1999; Ye
et al. 2006). Second, the membrane potential of RPTECs is
largely dependent on the activity of the K* channel (Na-
kamura et al. 2004), which is one of the important findings
of the basolateral K channel in the proximal tubule cell
(Mauerer et al. 1998a). Third, the inwardly rectifying K™
channel was not observed at the apical surface of confluently
monolayered polarized RPTECs (Kubokawa et al., unpub-
lished observation). Thus, it is likely that the inwardly rec-
tifying K* channel with inward conductance of about 40 pS
would correspond to the basolateral channel. However, ATP
sensitivity, which is one of the significant characteristics of
the basolateral K channel in proximal tubule cells (Wang
et al. 1997; Mauerer et al. 1998a), was not observed in the
K" channel in RPTECs (Nakamura et al. 2002). Such a
difference might result from alteration in channel compo-
sition induced by cell culture, although the ATP sensitivity
of the human K channel in situ is still unknown (Nakamura
et al. 2002).

To date, it has been reported in the proximal tubule cells
that protein kinase A (PKA) stimulates and protein kinase C
(PKC) inhibits the activity of an inwardly rectifying K™
channel at the basolateral membrane of salamander proxi-
mal tubule (Mauerer et al. 1998b). We have also demon-
strated that the K* channel in RPTECs is activated by PKA
and protein kinase G (PKG) (Nakamura et al. 2002). Thus, it
is suggested that several kinds of protein kinases are
involved in regulation of the inwardly rectifying K* channel
in proximal tubule cells. In contrast to the several reports on
protein kinase-mediated K* channel activity, only a few
reports have shown the involvement of protein phosphatases
in the regulation of K* channels in proximal tubule cells
(Kubokawa et al. 2000). We have demonstrated that PKA-
mediated activation of the K™ channel in opossum kidney
proximal tubule (OKP) cells is inhibited by protein phos-
phatases 1 (PP-1) and 2A (PP-2A), suggesting that PKA-
mediated phosphorylation may be dephosphorylated by PP-
1 or PP-2A (Kubokawa et al. 2000). As for the involvement
of calcineurin (CaN), which is often called “protein phos-
phatase 2B,” in regulation of the K* channel, Ye et al.
(2006) demonstrated that one of CaN inhibitors, cyclosporin
A (CsA), suppressed the basolateral Kt channel in rat
proximal tubule cells. However, the mechanism for the
inhibitory effect of CsA on K*' channel activity in this
nephron segment has not been investigated.

Recently, we found that inhibitors of CaN—CsA and
FK520, both of which are well-known immunosuppressive
agents (Jan et al. 1999)—suppressed activity of the K™
channel in RPTECs. Since CaN is known to induce the
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dephosphorylation of several phosphorylated protein ser-
ine/threonine residues (Donella-Deana et al. 1994; Rusnak
and Mertz 2000), it is suggested that inhibition of CaN
make some phosphorylation processes dominant. Thus, the
channel inhibition mediated by inhibitors of CaN might
result from protein phosphorylation. Based on such an idea,
we investigated the effect of CaN on channel activity and
proposed a role of CaN in the function of the K™ channel in
RPTEC:sS.

Materials and Methods
Cell Culture

Secondary cultures of RPTECs from normal human kid-
neys were purchased from Lonza (Walkersville, MD).
RPTECs were incubated in renal epithelial cell growth
medium (REGM, Lonza) in a humidified atmosphere of
95% air and 5% CO, at 37°C. In the experiments, cells
were isolated from 70-80% confluence at passages 3-6
with 0.025% trypsin and 0.01% EDTA and incubated on
collagen-coated glass coverslips (Iwaki, Tokyo, Japan)
with REGM for 3—-10 h before use. The coverslip to which
the cells adhered was then transferred into the control bath
solution in a heating chamber (TC-324B, Warner, Hamden,
CT). All experiments were performed at approximately
32°C, using the heating chamber.

Solutions

The pipette solution contained (mM) 145 KCl, 3 MgCl,, 1
EGTA and 5 HEPES, pH adjusted to 7.3. The control bath
solution contained (mM) 140 NaCl, 5 KCI, 1 MgCl,, 1
CaCl,, 5 glucose and 5 HEPES, pH adjusted to 7.3. The
bath solution for inside—out patches contained (mM) 145
KCI, 3 MgCl, and 5 HEPES, with 107° M free Ca®". The
solution with 107® M free Ca’" was adjusted by the
addition of an adequate amount of CaCl, and EGTA
(10 mM) according to the computer program of Oiki and
Okada (1987), which uses the absolute values of the sta-
bility constant of EGTA for the binding of Ca®", Mg*" and
H™ (Martell and Smith 1977). Experimental bath solutions
with pH adjusted to 7.3 were made by adding HCI or KOH.
The free Ca®" concentration and pH of all solutions were
checked simultaneously with a Ca?* electrode (CL-125B;
TOA, Tokyo, Japan) and a pH electrode (GST-5311C,
TOA), respectively, at approximately 33°C.

Patch-Clamp Technique

The patch-clamp technique was applied to single RPTECs,
and channel recordings were performed in cell-attached or



M. Kubokawa et al.: Calcineurin Modulates Renal K Channel Activity

81

excised inside—out patches. All patch-clamp experiments
were performed at bath temperature of 32.0 & 1.0°C. This
setting of temperature was defined as the most appropriate
for patch experiments using RPTECs (Nakamura et al.
2002). Patch-clamp electrodes were made of borosilicate
glass capillaries (Warner) on a two-step puller (model PP-
830; Narishige, Tokyo, Japan) and filled with the pipette
solution described above. The electrode resistance ranged
3-5 MQ. Electric currents measured with a patch-clamp
amplifier (AXOPATCH 200B; Axon, Foster City, CA)
were stored on a VHS tape recorder (RD-120TE; Toshiba,
Tokyo, Japan). The current records were then low-pass-
filtered (3611 Multifunction Filter; NF Electronic Instru-
ments, Tokyo, Japan) at 500 Hz and digitized at a rate of
2.5 kHz through an interface (Digidata 1440A; Molecular
Devices, Sunnyvale, CA). The acquired data were analyzed
with pCLAMPS software (Molecular Devices). Current
traces of downward deflections represented inward
currents.

Channel activity was determined by NP,, which was
calculated from an amplitude histogram as

N
NPy =) n—t, (1)
n=1

where N is the maximum number of channels observed in
the patch, P, is the open probability, n is the number of
channels observed at the same time and ¢, is the probability
that n channels are simultaneously open. Since the control
values of NP, varied among patches, we calculated nor-
malized channel activity (NP, /NP, ) for the convenient
evaluation of effects of the substances. NP, . and NP, . are
the channel activities under control and experimental
conditions, respectively. Routinely, we determined NP,
from a 20-s sampling period just before adding the sub-
stance when the steady state lasted for at least 40 s. NP,
was determined from a 10-s sampling period extracted
from the steady state for at least 20-30 s made by the
experimental substance.

[Ca2+] ; Measurement

RPTECs were loaded with 10 uM fura-2-AM (Dojindo,
Kumamoto, Japan) for 60 min at 37°C. After loading, the
cells were thoroughly washed with the control bath solu-
tion at least three times to remove the excess dye and
placed in a perfusion chamber mounted on a fluorescent
microscope. Intracellular calcium ([Ca”],-) measurements
were carried out using a ratiometric imaging system (InCyt
Basic IM; Intracellular Imaging, Cincinnati, OH), includ-
ing a PC, a filter wheel of conventional design, a charge-
coupled device camera and the TE 300 microscope (Nikon,
Tokyo, Japan). In each experiment, a number of single

cells was selected using the software. The fluorescent
emissions as paired signals, at a wavelength of 510 nm
from the selected regions, were measured according to
excitation wavelengths of 340 and 380 nm at a time
interval of 4 s.

Standard calibration of single RPTECs was carried out,
and [Ca®"]; was calculated using the equation described by
Grynkiewicz et al. (1985) as

(R - Rmin)
(Rmax - R)

where R represents the fluorescence intensity ratio F,;/ F;5,
in which A1 (~ 340 nm) and A2 (~ 380 nm) are the
fluorescence detection wavelengths; R, and R, are the
ratios corresponding to the minimum and maximal Ca®"
concentrations; Q is the ratio of Fp, to F,.. at A2
(~ 380 nm); and K, is the Ca>* dissociation constant of
the indicator. Ry, was obtained by adding a Ca*" iono-
phore, ionomycin (5 mM), to the control bath solution with
1 mM Ca®", and Rin was obtained by adding the iono-
mycin to the Ca*"-free bath solution with 5 mM EGTA.
The K4 value of 230 nM for fura-2 was adopted in this
study.

The control value of [Ca in individual experiments
was determined as the mean value at the period for 30-s
sampling data just before adding the test substance, and the
experimental data were obtained from the mean value for
20-s data just before removal of the substance. In the sta-
tistical analyses, the relative changes in [Ca®"]; in response
to the test substances were obtained by comparing the
experimental data ([Ca2+],»,e) with the control data
([Ca”]i,(,) of each cell. The data were expressed as
[Ca®*Tie [[Ca™ i

[Ca“]i: Ki-O- (2)

2+]'
i

Western Blot

RPTECs were lysed using RIPA buffer (Pierce, Rockford,
IL) containing a serine/threonine protein phosphatase
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). An
equivalent volume of Laemmli sample buffer (Bio-Rad,
Hercules, CA) was added to the supernatants obtained by
centrifugation (12,000 x g, 15 min) of cell lysates, and
then the supernatant was boiled for 5 min at 100°C.
Samples were subjected to SDS-PAGE on 10% poly-
acrylamide gels (Bio-Rad) and subsequently transferred to
PVDF membrane. PVDF membranes were blocked with
5% nonfat milk (Cell Signaling, Beverly, MA) in TBS
containing 0.1% Tween 20, then incubated overnight at
4°C with primary antibody (1:1,000). After incubation with
horseradish ~ peroxidase-linked secondary  antibody
(1:2,000; Cell Signaling) at room temperature for 60 min,
immunoreactive bands were visualized with Amersham
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ECL Plus detection reagents (GE Healthcare, Little Chal-
font, UK) according to the manufacturer’s instructions.

Test Substances

The inhibitors of CaN CsA and FK520, the inhibitor of
PKC GF109203X and CaN were purchased from Calbio-
chem (La Jolla, CA). Ca*"/calmodulin-dependent protein
kinase II (CaMKII) and calmodulin (CaM) were purchased
from UpState (Lake Placid, NY), and Na,ATP was from
Sigma. A CaMKII inhibitor, KN62, was purchased from
Wako Pure Chemicals (Osaka, Japan). A fluorescent probe
for Ca®", Fura-2-AM, was obtained from Dojindo. CsA,
FK520 and KN62 were dissolved in dimethyl sulfoxide
(DMSO) as stock solutions, whereas the others were dis-
solved in water. These stock solutions were diluted with the
control bath solution before use and added to the bath by
hand pipetting. The final concentration of DMSO in the
bath ranged 0.02-0.06%, which did not affect channel
activity. For Western blot analyses, CaMKII antibody and
phospho-CaMKII (Thr286) antibody as primary antibodies
were purchased from Cell Signaling.

Statistics

Data are expressed as means £ SE. Statistical significance
was determined using Student’s t-test or ANOVA in con-
junction with the Bonferroni #-test. P < 0.05 was consid-
ered significant.

Results

An inwardly rectifying K* channel with inward conduc-
tance of about 40 pS is the K* channel which is most
frequently observed using the patch-clamp technique in
RPTECs under the control condition. The properties of the
40-pS K* channel have been demonstrated in our previous
report in detail (Nakamura et al. 2002)

Effects of CaN Inhibitors on Activity of the Inwardly
Rectifying K™ Channel in RPTECs

To investigate the involvement of CaN in the modulation of
the inwardly rectifying K™ channel in RPTECs, we first
applied inhibitors of CaN, CsA and FK520, an analogue of
the well-known immunosuppressive agent FK506 (Baugh-
man et al. 1995), to RPTECs to examine the effects of the
inhibitors on channel activity in cell-attached mode of the
patch-clamp technique. As shown in Fig. la, application of
CsA (5 uM) markedly suppressed activity of the K* channel
in RPTECsS, and gradual restoration of channel activity was
observed after removal of CsA. Similarly, as shown in
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Fig. 1 Typical current recordings showing the effects of CaN
inhibitors CsA and FK520 on activity of the inwardly rectifying K™
channel in RPTECs. a Changes in channel activity in response to
application of CsA at 5 uM to the bath solution. b Channel
suppression induced by application of FK520 at 5 pM. Individual
current recordings were obtained by separate cell-attached patches at
a holding potential of 0 mV in the control bath solution. Closed
channel states are indicated by dotted lines and C, and individual
current levels of the K channel are indicated by short bars (leff).
Both CsA and FK520 markedly suppressed channel activity. ¢
Summarized data of effects of CsA (n = 9) and FK520 (n = 8) on
changes in channel activity. Data are expressed as normalized channel
activity (NP, /NP, ) as described in “Materials and Methods.” Both
CsA and FK520 significantly suppressed channel activity compared to
the control. *P < 0.05

Fig. 1b, FK520 (5 uM) also suppressed channel activity,
and the suppressed activity could be restored after removal
of the chemical. It took about 30—60 s to recover channel
activity with both inhibitors. Summarized data of the effect
of CsA and FK520 on channel activity are shown in Fig. lc.
Both CsA and FK520 significantly lowered channel activity
compared with the control.

2+]_
i

Changes in [Ca in Response to Inhibitors of CaN

It has been reported that CsA or FK506, a well-known
immunosuppressive agent, elevates [Ca®"]; via release of
Ca®" from intracellular stores (Cameron et al. 1995; Ban-
dyopadhyay et al. 2000; Bultynck et al. 2003). Thus, we
next examined the effects of CsA and FK520, an analogue
of FK506, on [Ca2+],- of RPTECs using the fluorescent
imaging of Fura-2. Figure 2 demonstrates the traces of the
change in [Ca?*]; in response to the application of CsA and
FK520. The value of [Ca2+] ; was moderately elevated after
addition of CsA or FK520. Summarized data are shown in
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Fig. 2 Effects of CaN inhibitors on relative values of [Ca®t);
estimated by the ratio of fluorescence at 340 and 380 nm (F340/
F380). a Changes in [Ca®>"]; in response to addition of 5 uM CsA to
the bath. b Effect of 5 uM FK520 on the relative values of [Ca2+] i
Both CsA and FK520 moderately elevated [Ca®"];. ¢ Summarized
data of effects of CsA (n = 10) and FK520 (n = 12) on [Ca”],-.
Individual data were obtained about 2 min after addition of each
substance, and the data were compared to the control and expressed as
the ratio of experimental and control data (Re/RC), as described in
“Materials and Methods.” Both CsA and FKS520 significantly
elevated [Ca®"),. *P < 0.05

Fig. 2c, in which the value of [Ca2+],<,c was set to 1. The
values of [Ca®"];,,[Ca®"];. in CsA (1.53 & 0.09, n = 19)
and FK520 (1.43 £ 0.05, n = 20) were both significantly
increased compared to the control.

Since CaN is known to induce dephosphorylation of
some proteins, the inhibitors of CaN suppress the
dephosphorylation process, which would make phos-
phorylation dominant. Moreover, it was conceivable that
elevated [Ca2+]l- by inhibitors of CaN would stimulate
some Ca’"-dependent protein phosphorylation. If this is
the case, the phosphorylation might result in suppression
of K* channel activity. Based on such an idea, we con-
ducted the next experiment. Since the responses of
channel activity and [Ca2+]i to CsA and FK520 were
quite similar, we adopted CsA as the inhibitor of CaN in
the following experiments.

Effects of Inhibitors of PKC and CaMKII
on CsA-Induced K* Channel Suppression

Among several agents which stimulate Ca>*-dependent
phosphorylation, PKC and CaMKII are the major candi-
dates. Indeed, some reports have shown that activity of
inwardly rectifying K channels in renal tubule cells was
inhibited not only by PKC (Wang and Giebisch 1991) but
also by CaMKII (Kubokawa et al. 1995). Thus, we
examined the effect of the CaN inhibitor CsA on channel
activity in the presence of a PKC inhibitor, GF109203X, or
a CaMKII inhibitor, KN-62, in the cell-attached patches.
The results are shown in Fig. 3. GF109203X (500 nM)
alone produced no remarkable change in channel activity,
and the subsequent addition of CsA (5 uM) induced
channel inhibition in the presence of GF109203X (Fig. 3a).
KN-62 (20 uM) alone also did not affect channel activity
but markedly abolished CsA-induced channel suppression
(Fig. 3b). The summarized data are shown Fig. 3c.
Application of GF109203X alone or KN-62 alone did not
affect the channel activity, but addition of CsA signifi-
cantly suppressed channel activity in the presence of
GF109203X. In contrast, CsA-induced channel suppression
was abolished by KN-62, suggesting that the CsA-induced
channel suppression was mainly induced by the CaMKII-
dependent processes.

Changes in [Ca®"]; in Response to CsA in the Presence
of a PKC Inhibitor or a CaMKII Inhibitor

It has been demonstrated that activity of an inwardly rec-
tifying K* channel in amphibian proximal tubule cells was
inhibited directly by elevation of intracellular Ca®"
(Mauerer et al. 1998a). Moreover, CaMKII was reported to
facilitate Ca>" release from intracellular Ca>" stores (Tavi
et al. 2003). Thus, it was possible that the CaMKII inhibitor
KN-62 prevented the elevation of [Ca*"]; by inhibiting
CaMKII-mediated Ca** release, which might result in the
prevention of CsA-induced channel inhibition. To examine
whether KN-62 affects the CsA-induced elevation of
[Ca2+]i in RPTECs, we observed the effect of CsA on
[Ca®"); in the presence of KN-62 using the fluorescent
imaging of fura-2. Changes in [Ca*"]; in the presence of a
PKC inhibitor, GF109203X, were also examined to com-
pare the effect of KN-62 with that of GF109203X on the
CsA-induced change in [Ca”]i.

Figure 4 shows the effect of GF109203X (500 nM) or
KN-62 (20 uM) on CsA-induced [Ca2+],- elevation. CsA
(5 uM) was added about 2 min after addition of each
inhibitor. Data on individual inhibitors were obtained from
the mean value of a 30-s sampling period just before
addition of CsA, and the value of CsA-induced change was
obtained from a 30-s sampling period about 2 min after
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Fig. 3 Changes in CsA-induced channel suppression in the presence C ,\Qo“’ 6\* le/
of PKC inhibitor GF109203X and CaMKII inhibitor KN-62. a Effects C‘)Q (19 *__é'
of GF109203X (500 nM) on channel activity before and after ,\(9
application of CsA (5 pM). GF109203X induced no appreciable C$

change in channel activity, and subsequent addition of CsA
suppressed channel activity. b Effects of KN-62 (20 pM) before
and after application of CsA on channel activity. KN-62 did not affect
channel activity, but the CsA-induced channel suppression was
markedly attenuated in the presence of KN-62. Both traces were
obtained in cell-attached patches at a holding potential of 0 mV.
Closed channel states are indicated by dotted lines and C, and
individual current levels of the K* channel are indicated by short
bars (leff). ¢ Summarized data of channel activity in response to
GF109203X (n = 7), GF109203X with CsA (n = 7), KN-62 (n = 8)
and KN-62 with CsA (n = 8). Addition of GF109203X alone, KN-62
alone and KN-62 with CsA did not significantly alter the channel
activity compared to the control, but CsA significantly suppressed
channel activity even in the presence of GF109203X. *P < 0.05

addition of CsA. As shown in Fig. 4a, CsA gradually ele-
vated [Ca2+],- even in the presence of GF109203X. How-
ever, as shown in Fig. 4b, CsA did not induce marked
elevation of [Ca2+],» in the presence of KN-62. The sum-
marized data obtained by the experiments similar to
Fig. 4a, b are shown in Fig. 4c. Normalized [Ca”],-
([Ca2+]i‘e/[Ca2+],-’L.) was not significantly affected by
GF109203X alone (1.02 & 0.02, n = 17) or by KN-62
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Fig. 4 Effects of GF109203X and KN-62 on CsA-induced [Ca2+],v
elevation. a Changes in [Ca2+],- in response to CsA (5 pM) in the
presence of GF109203X (500 nM). b CsA-induced changes in
[Ca®™]; in the presence of KN-62 (20 uM). GF109203X alone and
KN-62 alone did not affect [Ca>*];. CsA-induced [Ca®*); elevation
was observed even in the presence of GF109203X but was prevented
by the presence of KN-62. ¢ Summarized data of effects of
GF109203X alone and CsA with GF109203X on [Ca”],- (n=238)
and effects of KN-62 alone and CsA with KN-62 on [Ca®t] i(n=12).
Individual data were obtained from mean values of a 60-s sampling
period about 1 min after addition of GF109203X or KN-62 and about
2 min after addition of CsA, and the data were summarized as the
ratio of experimental and control values (Re/RC). GF109203X alone
and KN-62 alone induced no significant change in [Ca®); compared
to the control. CsA significantly elevated [Ca®*); in the presence of
GF109203X (n = 12). *P < 0.05

alone (0.97 £ 0.01, n = 16). However, the subsequent
addition of CsA significantly elevated [Ca**]; in the pres-
ence of GF109203X (1.32 & 0.04, n = 17). In contrast,
CsA did not significantly change [Ca**]; in the presence of
KN-62 (1.03 £ 0.03, n = 16). These data appear to sup-
port the speculation that an elevation of [Ca®"]; plays a
crucial role in the CsA-induced channel suppression.
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Fig. 5 Effects of CsA on CaMKII and phospho-CaMKII (Thr286) in
RPTECs. a Western blot showing the effect of CsA (5 uM) on
CaMKII detected with CaMKII antibody. CsA induced no apprecia-
ble change in CaMKII protein in RPTECs. b Western blot showing
the effect of CsA (5 uM) on phospho-CaMKII detected with specific
phospho-CaMKII antibody (Thr286). CsA obviously increased
50 kDa of phospho-CaMKII (Thr 286)

Detection of CaMKII and Phospho-CaMKII (Thr286)
in RPTECs

Since the elevation of [Ca2+],~ could activate intracellular
CaMKII, we investigated the changes in CaMKII protein
and phospho-CaMKII (Thr286), an active form of CaMKII
(Means 2000), with Western blot analysis.

Western blots of CaMKII and phospho-CaMKII
(Thr286) in the absence or presence of CsA are shown in
Fig. 5. In the case of presence of CsA, CsA (5 uM) was
added to the control medium 2 min before starting Western
blot analysis. CaMKII protein detected with CaMKII
antibody was not influenced by CsA (Fig. 5a). Phospho-
CaMKII (Thr286, 50 kDa) detected with a specific anti-
body of phospho-CaMKII, was obviously increased by
CsA, although the band of phospho-CaMKII was slightly
recognized in the control. These results indicate that total
CaMKII in RPTECs was not affected by CsA but the active
form of CaMKII, phospho-CaMKII (Thr286), was
increased by CsA. Thus, it is likely that CsA-induced
channel suppression resulted from stimulation of CaMKII-
mediated protein phosphorylation.

Effects of Rise in [Ca>"]; on Channel Activity in the
Absence and Presence of Inhibitors of PKC and
CaMKII

As indicated above, CsA-induced channel suppression
required activation of CaMKII. However, it is still unknown
whether activation of CaMKII was induced by elevation of
[Ca®™); or application of CsA. To test whether the elevation
of [Ca®"]; without CsA is able to activate CaMKII, we
adopted Ca®" ionophore, ionomycin (1 uM), in the presence
of 107® M Ca’* in the bath. The values of [Ca’*]; in
response to ionomycin were measured with the fluorescent
imaging of Fura-2. Although the traces of [Ca’']; in
response to ionomycin are not shown, addition of ionomycin
to the bath with 107° M Ca** remarkably increased [Ca2+] i
from 82.9 + 4.9 to 317.0 & 30.1 nM (n = 11). These val-
ues were significantly higher than the values of [Ca®'];

elevated by CsA. The level of [Ca2+] ; was not altered in the
presence of GF109203X and/or KN-62.

The effect of addition of ionomycin (1 pM) to the bath
with 107® M Ca**" on channel activity was examined in cell-
attached patches. Ionomycin markedly suppressed channel
activity in the absence of protein kinase inhibitors (Fig. 6-
a). As observed in this trace, a spike current larger than the
current of the 40-pS K channel sometimes appeared after
addition of ionomycin. Since ionomycin markedly increased
[Ca®™];, the current spikes would be produced by Ca®'-
activated BK channels in RPTECs (Kubokawa et al. 2005).
We next applied the PKC inhibitor GF109203X (500 nM) or
the CaMKII inhibitor KN-62 (20 uM) before addition of
ionomycin to examine whether PKC or CaMKII was
involved in the ionomycin-induced channel suppression.
Each inhibitor was applied to the bath solution about 1 min
before addition of ionomycin. The ionomycin-induced
channel suppression was observed even in the presence of
GF109203X (500 nM) or KN-62 (20 uM) (Fig. 6b, c).
However, as shown in Fig. 5d, simultaneous application of
KN-62 and GF109203X inhibited the ionomycin-induced
channel suppression. The summarized data are shown in
Fig. 6d. The results indicate that the marked elevation of
[Ca®™); significantly suppressed channel activity even in the
presence of GF109203X alone or KN-62 alone but failed to
suppress the activity when both KN-62 and GF109203X
were simultaneously present in the bath. Thus, these data
suggested that the marked elevation of [Ca®"]; suppressed
channel activity by stimulation of both PKC and CaMKII. In
other words, it is suggested that activation of CaMKII could
be induced by elevation of [Ca**];, although the direct effect
of CsA on CaMKII activation is still unknown.

Direct Effects of Cytoplasmic Ca®" and CaM
on Channel Activity in Inside—Out Patches

Despite the above data, a previous report showed that
activity of an inwardly rectifying K* channel in proximal
tubule cells was directly inhibited by internal Ca*" in
inside—out patches (Mauerer et al. 1998a). Thus, we further
examined the direct effect of cytosolic Ca®" on channel
activity in inside—out patches. Moreover, some of the
channel current was significantly affected by cytosolic CaM
(Rycroft and Gibb 2004). Since cytosolic Ca** and CaM
were necessary to stimulate both CaN and CaMKII, we
investigated the direct effect of Ca”, as well as CaM, on
channel activity in inside—out patches before investigating
the direct effects of CaN and CaMKII. The K™ channel with
inward conductance of about 40 pS in RPTECs required
1 mM ATP to maintain its activity in inside—out patches, as
reported previously (Nakamura et al. 2002). Thus, the fol-
lowing experiment in inside—out patches was carried out
with 1 mM ATP in the bath solution.
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Fig. 6 Changes in channel activity in response to elevated [Ca>*]; in
the presence of protein kinase inhibitors in RPTECs. a Channel
suppression induced by a Cca*t ionophore, ionomycin (1 uM). The
observed spike current other than the current of the inwardly
rectifying K* channel after application of ionomycin was probably
produced by Ca®*-dependent components. b Channel inhibition
induced by ionomycin in the presence of the PKC inhibitor
GF109203X (500 nM). ¢ Channel inhibition by ionomycin (1 pM)
in the presence of the CaMKII inhibitor KN-62 (20 uM). d Prevention
of ionomycin-induced channel suppression in the presence of KN-62
and GF109203X. Cells were treated with these inhibitors for more
than 1 min before addition of CsA. Ionomycin-induced channel
suppression was almost completely abolished by simultaneous
pretreatment of cells with KN-62 and GF109203X. Traces were
obtained in cell-attached patches at a holding potential of 0 mV.
Closed channel states are indicated by dotted lines and C, and the
current levels of the K+ channel are indicated by short bars (left). e
Summarized data of ionomycin (I pM)-induced channel suppression
in the absence and presence of inhibitors of CaMKII (KN-62, 20 uM)
and PKC (GF109203X, 500 nM) at bath Ca>* of 107° M. Channel
activity was significantly suppressed by ionomycin (n = 5) even in
the presence of GF109203X (n = 6) or KN-62 (n = 6). However, the
channel suppression was significantly abolished when KN-62 and
GF109203X were simultaneously present in the bath (n = 6).
*P < 0.05
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Fig. 7 Direct effects of Ca®* and CaM on activity of the inwardly
rectifying K channel in RPTECs. a The effect on channel activity of
replacement of Ca*™-free bath with 107° M Ca®". The channel
recording was made with in an inside—out patch in the presence of
1 mM ATP in the bath, and the holding potential of the patch pipette
was +50 mV in a symmetrical KCI solution. Closed channel states
are indicated by dotted lines and C, and open states of the channel are
indicated by short bars (left). Two parts of the recordings indicated by
short bars (1 and 2) in the fop trace of a are displayed in the expanded
time course below. b The direct effect of CaM (0.6 uM) from inside
of the patch membrane on channel activity with | mM ATP and 10~°
M Ca®* in the bath. The pipette holding potential was the same as
above. Two parts of the recordings indicated by short bars (1 and 2) in
the top trace of b are displayed in the expanded time course below. ¢
Summarized data of effects of 107 M Ca’t (n = 5) and CaM
(n=35) on channel activity. Ca*"-free and 107°® M Ca>" were
abbreviated to Ca>" (=) and Ca>" (4), respectively. Channel activity
at Ca** (-) was set to 1.0

Representative current traces in response to replacement
of the bath with Ca**-free to 107° M Ca®" in an inside—out

patch are shown in Fig. 7a. Two parts of the recordings,
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indicated by short bars (1 and 2) in the top trace, are dis-
played in the expanded time course below. In this case, the
values of P, obtained from 20-s data around the numbered
parts before and after addition of Ca®* were 0.70 and 0.67,
respectively. Furthermore, as shown in Fig. 7b, the effect
of direct application of CaM (0.6 mM) to the cytoplasmic
site of the patch membrane was also examined in the
inside—out patch. Two parts of the recordings, indicated by
short bars (1 and 2) in the top trace of Fig. 7b, are dis-
played in the expanded time course below. The values of
P, obtained from 20-s data before and after addition of
CaM were 0.60 and 0.58, respectively. The results are
summarized in Fig. 7c. From these data, we confirmed that
Ca*" and CaM had no direct effect on channel activity. The
following experiments in inside—out patches were carried
out with 107° M Ca”" in addition to | mM ATP in the
bath.

Direct Effects of CaN and CaMKII on Channel Activity
in Inside-Out Patches

Current traces of direct application of cytoplasmic CaN and
CaMKII after addition of CaM in the presence of 1 mM
ATP and 107® M Ca®" are shown in Fig. 8. Application of
CaN (800 U/ml) to the cytoplasmic side of the patch
membrane for about 1 min induced no remarkable change
in channel activity. On the other hand, addition of CaMKII
(0.15 U/ml) to the bath suppressed channel activity. The
channel suppression was usually observed in 1 min. Data
are summarized in Fig. 8c. Although CaN produced sta-
tistically no significant change in channel activity, CaMKII
significantly suppressed the activity.

In the final series of experiments, CaM, CaN and
CaMKII were successively applied in inside—out patches in
the presence of 107® M Ca®*" and 1 mM ATP. Represen-
tative current traces of changes in channel activity in
response to CaM, CaN and CaMKII are shown in Fig. 8a,
b. Application of CaN (800 U/ml) after addition of CaM
(0.6 M) induced no appreciable change in channel
activity, which is similar to the result shown in Fig. 8a, c.
After we confirmed that the channel activity was stable, we
added CaMKII (0.15 U/ml) to the bath to examine the
effect of CaMKII on channel activity in the presence of
CaM and CaN. As shown in Fig. 9a, CaMKII-induced
channel suppression was almost completely abolished by
the presence of CaN. Furthermore, we investigated the
effect of CaN on CaMKII-induced channel suppression.
Addition of CaMKII (0.15 U/ml) in the presence of CaM
suppressed channel activity, and subsequent addition of
CaN (0.15 U/ml) recovered its activity, as shown in
Fig. 9b. This recovery was usually observed in 10-30 s.
From the summarized data of Fig. 9c, although CaN did
not induce significant change in channel activity, the

A [ CaM (0.6 M)

B | caM (0.6 yM)
z CalKIl
(0.15 U/mi)

Fig. 8 Direct effects of CaN and CaMKII on channel activity. a A
representative trace of the effect of CaN (800 U/ml) with CaM
(0.6 M) on channel activity in an inside—out patch in the presence of
107M Ca*" and 1 mM ATP in the bath. The holding potential of the
patch pipette was +50 mV in a symmetrical KCI solution. Closed
channel states are indicated by dotted lines and C, and open state of
the channel are indicated by short bars (left). The inside of the patch
membrane was exposed to CaN for more than 1 min, but no
remarkable change was observed. b Direct effect of CaMKII (0.15 U/
ml) on channel activity in an inside—out patch. The bath solution
contained 0.6 pM CaM, 107® M Ca®>* and 1 mM ATP and the
holding potential was the same as above. Application of CaMKII to
the bath suppressed channel activity in 30 s, and removal of CaMKII
led to slowly recovered channel activity. ¢ Summarized data of direct
effects of CaN (n = 7) and CaMKII (n = 8) on channel activity.
Although CaN moderately raised channel activity, no significant
difference was obtained compared to control. In contrast, direct
application of CaMKII significantly suppressed channel activity
compared to control. *P < 0.05

presence of CaN abolished the CaMKII-mediated channel
suppression. Moreover, even when channel activity was
suppressed by CaMKII, CaN reactivated the suppressed
channel to near the control level.

Discussion
The functional significance and molecular characteristics

of CaN have widely been investigated in a variety of cells
and tissues (Rusnak and Mertz 2000). CaN induces
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Fig. 9 Direct effects of CaN on CaMKII-induced changes in channel
activity. a Prevention of CaMKII-induced channel suppression in the
presence of CaN. b Suppression of channel activity induced by
CaMKII (0.15 U/ml) and restoration of activity by subsequent
addition of CaN (800 U/ml). Both traces were obtained in inside—out
patches in the presence of CaM (0.6 uM), 107° M Ca®" and 1 mM
ATP. The holding potential of the patch pipette was +50 mV in a
symmetrical KCI solution in both traces. Closed channel states are
indicated by dotted lines and C, and open state of the channel are
indicated by short bars (leff). ¢ Summarized data obtained from
similar experiments as shown in a and b. CaMKII-induced channel
suppression was abolished when CaN was present in the bath (n = 6),
and CaMKIl-induced channel suppression was significantly reacti-
vated by CaN (n = 5). *P < 0.05

dephosphorylation of protein kinase—mediated phosphory-
lation (Donella-Deana et al. 1994) and plays several key
roles in many cellular metabolisms. Among the abundant
knowledge on CaN, an inhibitor of CaN, CsA, is well
known as an immunosuppressive agent and is clinically
used after organ transplantation or for therapy of autoim-
mune diseases. However, several complications, such as
hypertension or hyperkalemia (Ventura et al. 1997), have
been observed during clinical use of CsA (Myers et al.
1988; Borel 1991). It has been reported that CsA-induced
complications were partly due to decreases in renal
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function (Myers et al. 1988; Borel 1991; Tumlin 1997).
Ling and Eaton (1993) proposed using rabbit cortical col-
lecting duct (CCD) to inhibit the apical K channel, which
induced a decrease in plasma K™ secretion to urine through
the K* channel, resulting in hyperkalemia. They suggested
that inhibition of the apical K™ channel was induced by
stimulated PKC-mediated phosphorylation via a CsA-
induced increase in [Ca’"). Indeed, the Ca’"/PKC-
dependent inhibition of the apical K channel in CCD was
previously demonstrated by Wang and Giebisch (1991). As
for the elevation of [Ca”]i, several reports have shown that
inhibition of CaN induces receptor-mediated Ca®" release
from intracellular Ca®" stores (Cameron et al. 1995; Ban-
dyopadhyay et al. 2000; Bultynck et al. 2003) or CaN-
mediated Ca*" entry (Burley and Sihra 2000). On the other
hand, Tumlin (1997) showed the importance of CaN in the
signaling pathway of potassium metabolism in kidney cells
such that the inhibition of CaN by CsA or FK506 induced
nephrotoxic hyperkalemia. Recently, Zhang et al. (2008)
also demonstrated that inhibition of CaN impairs renal K™
secretion through the intracellular signaling pathway of
CCD cells.

CaN Inhibitor-induced K™ Channel Suppression
and [Ca’*"); Elevation

It has been reported that CaN is most abundant in the
proximal tubule cells among several nephron segments
(Tumlin 1997). Thus, CaN is an important factor for the
function of proximal tubule cells. Ye et al. (2006) reported
that CsA suppressed the activity of the inwardly rectifying
K™ channel in rat proximal tubule cells. We also found that
inhibitors of CaN, CsA or FK520, suppressed K™ channel
activity in RPTECs (Fig. 1a, b). However, the mechanisms
for the CsA-induced channel suppression in proximal
tubule cells had not been investigated. In this study, we
examined the mechanism for the CaN inhibitor-mediated
channel suppression by observing changes in [Ca®"]; and
channel activity in response to CsA and FKS520. Our
[Ca2+],- measurements showed that both CsA and FK520
increased [Ca2+],- (Fig. 2a, b), which was similar to the data
reported previously (Cameron et al. 1995; Bandyopadhyay
et al. 2000; Bultynck et al. 2003). Thus, Ca2+-dependent
protein kinases, such as PKC, may be a key factor for the
CaN inhibitor-mediated channel suppression, as proposed
by Ling and Eaton (1993).

To examine the involvement of Ca”*"-dependent protein
kinase in CsA-induced K™ channel suppression, we tested
the effect of a PKC inhibitor, GF109203X, and a CaMKII
inhibitor, KN-62, on channel suppression. CsA-induced
channel suppression was not affected by GF109203X but
significantly attenuated by KN-62 (Fig. 3), suggesting that
the suppression was mediated mainly by CaMKII. Although
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PKC may have an inhibitory effect on the inwardly recti-
fying K" channel in renal tubule cells (Wang and Giebisch
1991), our results suggest that the major candidate which
evokes CsA-induced channel suppression is CaMKII in
RPTECs. This notion was supported by evidence that an
active form of phospho-CaMKII was increased by CsA
(Fig. 5), although it is unclear whether the CsA-dependent
activation of CaMKII is directly induced by CsA or by
elevation of [Ca2+]l-, at least at this point.

It has also been demonstrated that CaMKII stimulates
Ca®" release from intracellular Ca®" stores (Tavi et al.
2003). Our data that inhibition of CaMKII abolished the
CsA-induced [Ca®"]; elevation (Fig. 4) also support the
report by Tavi et al. (2003). From these data, there remains
a possibility that the CsA-induced channel suppression may
be simply dependent on elevation of [Ca®"];. In this regard,
we further examined the effect of elevation of [Ca’"]; on
channel activity without CsA using the Ca®" ionophore
ionomycin. Although ionomycin induced channel sup-
pression and the suppression was not blocked by the
CaMKII inhibitor KN-62 alone or the PKC inhibitor
GF109203X alone, simultaneous addition of KN-62 and
GF109203X significantly abolished the channel suppres-
sion (Fig. 6). These data strongly suggested that the
channel suppression induced by ionomycin which led to a
marked elevation of [Ca2+],» resulted from stimulation of
both CaMKII and PKC. They is also suggested that ele-
vation of [Ca2+] ; alone can activate CaMKII without CsA,
although the direct effect of CsA on activation of CaMKII
is still unknown.

Probably, a relatively low [Ca would activate only
CaMKII and a high level of [Ca2+],- would activate PKC in
addition to CaMKII. Moreover, we confirmed that intra-
cellular Ca®" did not directly affect channel activity in
inside—out patches (Fig. 7a, c), indicating that CsA-
induced channel suppression was not directly mediated by
[Ca®"]; but mainly induced by CaMKII. These findings
suggest that the regulatory mechanism of the K* channel in
RPTECs by Ca** and CaMKII is different from that of the
basolateral K channel in salamander kidney proximal
tubule cells, reported by Mauerer et al. (1998b). Although
the difference in Ca®" sensitivty between the inwardly
rectifying K* channel in salamander proximal tubule cells
(Mauerer et al. 1998b) and the K™ channel in RPTECs
shown in this study is unknown, it may be caused by the
difference of species or by the difference of isolated cells
and cultured cells. On the other hand, regulatory processes
of the K* channel in RPTECs were similar to those of the
apical K" channel (ROMKI1 or ROMK?2 channel) of rat
kidney CCD cells (Kubokawa et al. 1995). However, the
K™ channel in RPTECsS is distinctly different from ROMK
channels since the inward slope conductance and location
of the two are different. Namely, the mean inward

2+]'
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conductance of the K channel in RPTECs is 42.5 pS
(Nakamura et al. 2002), whereas that of ROMK, which is
expressed only in the distal nephron but not in the proximal
tubule, is about 30 pS (Wang et al. 1997).

Modulation of K* Channel Activity by CaN
and CaMKII

Direct effects of CaN and CaMKII on channel activity
were examined in inside—out patches. Before investigation
of the effects of CaN and CaMKII, we tested direct effects
of cytoplasmic Ca®" and CaM on channel activity since it
was reported that activity of some channels was directly
affected by Ca®" (Mauerer et al. 1998a) or CaM (Rycroft
and Gibb 2004). As the result, we have confirmed that
Ca*™ (107® M) or CaM (0.6 uM) hardly affects K*
channel activity from the inside of the membrane in
RPTECs (Fig. 7b, c). Application of CaN in the presence
of Ca®" and CaM also induced no appreciable change in
channel activity (Fig. 8a, c¢). This seems to indicate that
CaN has no direct effect on channel activity. In contrast,
CaMKII markedly suppressed channel activity (Fig. 8b, c),
suggesting that CaMKII-mediated phosphorylation has an
inhibitory effect on channel activity. In the final experi-
ments, we successively added CaMKII and CaN in inside—
out patches and investigated their roles in the modulation
of channel activity. The result indicates that CaMKII-
mediated suppression was abolished in the presence of CaN
(Fig. 8a, c¢). Furthermore, CaMKII-induced channel sup-
pression was recovered by subsequent addition of CaN
(Fig. 9b, c), suggesting that CaMKII-mediated channel
suppression is inhibited by CaN-mediated dephosphoryla-
tion. Thus, CaN-mediated dephosphorylation would play
an important role in supporting channel activity by pre-
venting CaMKII-dependent processes.

However, channel modulation by CaN and CaMKII
would not be simple since Ca*" and CaM are common
factors for activation of both CaN and CaMKIL. It is con-
ceivable that the power balance between phosphorylation
by CaMKII and dephosphorylation by CaN would be
important for alternating channel activity. In our experi-
ments, inhibition of CaN in intact RPTECs moderately
increased [Ca®"]; (Fig. 2) and induced channel suppression
which resulted from stimulation of CaMKII (Fig. 3).
Although [Ca®t), was generally low as measured with
Fura-2 imaging in intact RPTECsS, these results suggest that
CaN maintained a dephosphorylation state to maintain
channel activity even in the control condition. Thus, CaN
would be effective for protein dephosphorylation at low
[Ca2+],- conditions. In contrast, CaMKII-mediated phos-
phorylation was evoked when CaN was inhibited and
[Ca2+] ; was moderately elevated, which resulted in channel
suppression. Moreover, a further increase in [Ca2+]i
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stimulated not only CaMKII but also PKC (Fig. 4). In such
high [Ca’"]; conditions, CaMKII- and PKC-dependent
effects would exceed the CaN-dependent processes. Taken
together, CaN-mediated phosphorylation is dominant in a
condition with low [Ca2+],-, a moderate increase in [Ca2+],-
stimulates CaMKII and a further increase in [Ca
exceeds the effect of CaN by additional stimulation of
PKC. Probably, the activity of these enzymes is regulated
not only by intracellular Ca>" and CaM but also by several
other factors in intact cells which modulate channel
activity.

2+] X
i

A Possibility of a Functional Relationship Between
CaN and CaMKII

Previous reports have shown that CaN plays several key
roles in cellular function. As for the Ca®' release from
intracellular stores, CaN is involved in its regulation. For
example, inhibition of CaN by FK506 enhanced Ca®"
release through the inositol 4,5-triphosphate receptor (IP3R)
(Cameron et al. 1995), and CaN inhibitors lead to a higher
open probability of the ryanodine receptor (RyR)/Ca**-
release channel (Bandyopadhyay et al. 2000; Bultynck et al.
2003). On the other hand, CaMKII was reported to stimulate
Ca’" release in skeletal muscle cells (Tavi et al. 2003).
Thus, it is likely that CaMKII-mediated stimulation of Ca®"
release was similar to the enhanced Ca" release induced by
inhibition of CaN. Thus, CaMKII and CaN may have
opposite effect on Ca®" release from the intracellular Ca®"
store. These reports seem to support our experimental data
that CaN and CaMKII have opposite effects on channel
activity. However, it has been reported that the target
phosphorylation site which was dephosphorylated by CaN is
mainly mediated by PKA (Donella-Deana et al. 1994).
Indeed, functional coupling of CaN and PKA was shown to
modulate Ca*" release in ventricular myocytes (Santana
et al. 2002). It has also been demonstrated that Nat/K*-
ATPase at the basolateral membrane of kidney tubular
epithelia was inhibited by CaN (Tumlin and Sands 1993)
and stimulated by PKA (Carranza et al. 1998). On the other
hand, the cardiac Na™/Ca*" exchanger was reported to be
regulated by CaN and PKC (Shigekawa et al. 2007). A
cellular process which depends on mitogen-activated pro-
tein kinase was reported to be negatively regulated by CaN
(Tian and Karin 1999). Thus, the protein kinases opposed to
CaN-mediated processes would not be the same. Only a few
reports have suggested that CaMKII-mediated processes
were abolished by CaN (Wu et al. 2002; Gerges et al. 2005).
Our data indicate a possibility that CaMKII-mediated
phosphorylation was blocked by CaN.

Moreover, it is suggested that CaN-mediated protein
dephosphorylation is dominant compared to CaMKII-med-
iated phosphorylation, at least in our control conditions,
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since CaN inhibitors significantly affected channel activity
but an inhibitor of CaMKII alone did not. This observation
was supported by the previous report that CaN content in
proximal tubule cells is high among the nephron segments
(Tumlin 1997). Although involvement of CaN in modula-
tion of channel activity is varied (Lieberman and Mody
1994; Czirjak et al. 2004; Loane et al. 2006; Zhang et al.
2008; Wang et al. 2009), our data suggest that CaN plays an
important role in supporting the activity of the inwardly
rectifying K channel by preventing the CaMKII-mediated
phosphorylation processes in RPTECs in control normal
conditions.

Conclusions

The involvement of CaN in modulating the activity of a
native inwardly rectifying K* channel was investigated in
RPTECs. We found that activity of the Kt channel in
RPTEC: is supported at least in part by CaN, which is often
called protein phosphatase 2B (PP-2B). CaN-mediated
dephosphorylation has a stimulatory effect on channel
activity by preventing CaMKII-dependent processes. It is
also suggested that PKC inhibits the channel activity at a
high [Ca®"]; (Fig. 6). Previously, we demonstrated that
cAMP-dependent PKA- and ¢cGMP-dependent PKG-med-
iated phosphorylation stimulated channel activity in
RPTECs (Nakamura et al. 2002). Considering these data,
we conclude that at least two distinct phosphorylation sites,
stimulatory and inhibitory, are present in the channel or
associated protein and play a role in the regulation of
channel activity. Moreover, since CaN-mediated dephos-
phorylation activates the channel against CaMKII-medi-
ated suppression, maintenance of channel opening would
require the CaN-mediated action to exceed the CaMKII-
mediated action on the channel (Fig. 10). However, it is
still unknown whether the site of CaN-mediated dephos-
phorylation is the same as that of CaMKII-mediated

PKA & PKG.

—

_CaMKIl (& PKC)

® .Phosphalase. [

(PP-2B)

Closed Open Closed

Fig. 10 A model for regulation of the inwardly rectifying K* channel
in cultured renal proximal tubule cells by phosphorylation and
dephosphorylation processes. CaN is often called protein phospha-
tase-2B (PP-2B). Closed circles indicate phosphate, and small squares
attached to the lower part of the channel are putative phosphorylation
sites. See text for details
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phosphorylation in the modulation of channel activity.
Further study will be necessary to clarify the molecular
characteristics for regulating channel activity by the spe-
cific protein kinases and phosphatases.

Acknowledgement This work was supported in part by a grant
from the Corporation for Private School of Japan (to M. K., 2007—
2009).

References

Bandyopadhyay A, Shin DW, Ahn JO, Kim DH (2000) Calcineurin
regulates ryanodine receptor/Ca”—release channels in rat heart.
Biochem J 352:61-170

Baughman G, Wiederrecht GJ, Campbell NF, Martin MM, Bourgeois
S (1995) FKBP51, a novel T-cell-specific immunophilin capable
of calcineurin inhibition. Mol Cell Biol 15:4395-4402

Borel JF (1991) Mechanism of action of cyclosporin A and rationale
for use in nephritic syndrome. Clin Nephrol 35:523-S30

Bultynck G, Vermassen E, Szlufcik K, De Smet P, Fissore RA,
Callewaert G, Missiaen L, De Smedt H, Parys JB (2003)
Calcineurin and intracellular Ca*"-release channels: regulation
or association? Biochem Biophys Res Commun 311:1181-1193

Burley JR, Sihra TS (2000) A modulatory role for protein phospha-
tase 2B (calcineurin) in the regulation of Ca>t entry. Eur J
Neurosci 12:2881-2891

Cameron AM, Steiner JP, Rskmans AJ, Ali SM, Ronnett GV, Snyder
SH (1995) Calcineurin associated with the inositol 1,4,5-
triphospjophate receptor-FKBP12 complex modulates Ca®* flux.
Cell 83:463-472

Carranza ML, Rousselot M, Chibalin AV, Bertorello AM, Favre H,
Feraille E (1998) Protein kinase A induces recruitment of active
Na*, K*-ATPase units to the plasma membrane of rat proximal
convoluted tubule cells. J Physiol 511:235-243

Czirjak G, Toth ZE, Enyedi P (2004) The two-pore domain K"
channel, TRESK, is activated by the cytoplasmic calcium signal
through calcineurin. J Biol Chem 279:18550-18558

Donella-Deana A, Krinks MH, Ruzzene M, Klee C, Pinna LA (1994)
Dephosphorylation of phosphopeptides by calcineurin (protein
phosphatase 2B). Eur J Biochem 219:109-117

Gerges NZ, Alzoubi KH, Alkadhi KA (2005) Role of phosphorylated
CaMKII and calcineurin in the differential effect of hypothy-
roidism on LTP of CAl and dentate gyrus. Hippocampus 15:
480-490

Grynkiewicz G, Poenie M, Tsien RY (1985) A new generation of
Ca”* indicators with greatly improved fluorescence properties. J
Biol Chem 260:3440-3450

Hebert SC, Desir G, Giebisch G, Wang W (2005) Molecular diversity
and regulation of renal potassium channels. Physiol Rev 85:
319-371

Jan A, Khanna A, Molmenti EP, Rishi N, Fung JJ (1999) Immuno-
suppressive therapy. Surg Clin North Am 79:59-76

Kubokawa M, Wang W, McNicholas CM, Giebisch G (1995) Role of
Ca”"/CaMKII in Ca®*-induced K* channel inhibition in rat
CCD principal cell. Am J Physiol 268:F211-F219

Kubokawa M, Nakamura K, Hirano J, Yoshioka Y, Nakaya S, Mori
Y, Kubota T (2000) Regulation of inwardly rectifying K*
channel in opossum proximal tubule cells by protein phospha-
tases 1 and 2A. Jpn J Physiol 50:249-256

Kubokawa M, Sohma Y, Hirano J, Nakamura K, Kubota T (2005)
Intracellular Mg?™ influences both open and closed times of a
native Ca>*-activated BK channel in human proximal tubule. J
Membr Biol 207:69-89

Lieberman DN, Mody I (1994) Regulation of NMDA channel function
by endogenous Ca*"-dependent phosphatase. Nature 369:
235-239

Ling BN, Eaton DC (1993) Cyclosporin A inhibits apical secretory
K™ channels in rabbit cortical collecting tubule principal cells.
Kidney Int 44:974-984

Loane DJ, Hicks GA, Perrino BA, Marrion NV (2006) Inhibition of
BK, channel activity by association with calcineurin in rat brain.
Eur J Neurosci 24:433-441

Martell AE, Smith R (1977) Critical stability constants. In: Other
organic ligands, vol 3. Plenum Press, New York

Mauerer UR, Boulpaep EL, Segel AS (1998a) Properties of an
inwardly rectifying ATP-sensitive K* channel in the basolateral
membrane of renal proximal tubule. J Gen Physiol 111:139-160

Mauerer UR, Boulpaep EL, Segel AS (1998b) Regulation of an
inward rectifying ATP-sensitive K* channel in the basolateral
membrane of renal proximal tubule. J Gen Physiol 111:161-180

Means AR (2000) Regulatory cascades involving calmodulin-depen-
dent protein kinases. Mol Endocrinol 14:4-12

Myers BD, Sibley R, Newton L, Tomlanovich SJ, Boshkos C, Stinson E,
Luetscher JA, Whitney DJ, Krasny D, Coplon NS, Perlroth MG
(1988) The long-term course of cyclosporine-associated chronic
nephropathy. Kidney Int 33:590-600

Nakamura K, Hirano J, Itazawa S, Kubokawa M (2002) Protein
kinase G activates inwardly rectifying K* channel in cultured
human proximal tubule cells. Am J Physiol 283:F784-F791

Nakamura K, Hirano J, Kubokawa M (2004) Regulation of an inwardly
rectifying K* channel by nitric oxide in cultured human proximal
tubule cells. Am J Physiol 287:F411-F417

Noulin JF, Brochiero E, Lapointe JY, Laprade R (1999) Two types of
K* channels at the basolateral membrane of proximal tubule:
inhibitory effct of taurine. Am J Physiol 277:F290-F297

Oiki S, Okada Y (1987) Ca-EGTA buffer in physiological solutions
[in Japanese]. Seitai-no-Kagaku 38:79-83

Parent L, Cardian J, Sauve R (1988) Single channel analysis of a K
channel at basolateral membrane of rabbit proximal tubule. Am J
Physiol 254:106-113

Robson L, Hunter M (2005) Phosphorylation regulates an inwardly
rectifying ATP-sensitive K*- conductance in proximal tubule
cells of frog kidney. J Membr Biol 207:161-167

Rusnak F, Mertz P (2000) Calcineurin: form and function. Physiol
Rev 80:1483-1521

Rycroft BK, Gibb AJ (2004) Inhibitory interactions of calcineurin
(phosphatase 2B) and calmodulin on rat hippocampal NMDA
receptors. Neuropharmacology 47:505-514

Sackin H, Boulpaep EL (1983) Rheogenic transport in the renal
proximal tubule. J Gen Physiol 82:819-851

Santana LF, Chase EG, Votaw VS, Nelson MT, Greven R (2002)
Functional coupling of calcineurin and protein kinase A in
mouse ventricular myocytes. J Physiol 544:57-69

Shigekawa M, Katanosaka Y, Wakabayashi S (2007) Regulation of
the cardiac Na'/Ca®* exchanger by calcineurin and protein
kinase C. Ann NY Acad Sci 1099:53-63

Tavi P, Allen DG, Niemela P, Vuolteenaho O, Weckstrom M,
Westerblad H (2003) Calmodulin kinase modulates Ca®* release
in mouse skeletal muscle. J Physiol 551:5-12

Tian J, Karin M (1999) Stimulation of Elk1 transcriptional activity by
mitogen-activated protein kinases is negatively regulated by
protein phosphatase 2B (calcineurin). J Biol Chem 274:15173—
15180

Tumlin JA (1997) Expression and function of calcineurin in the
mammmarian nephron: physiological roles, receptor signaling,
and ion transport. Am J Kidney Dis 30:884-895

Tumlin JA, Sands JM (1993) Nephron segment-specific inhibition of
Na*/K*"-ATPase activity by cyclosporin A. Kidney Int 43:
246-251

@ Springer



92

M. Kubokawa et al.: Calcineurin Modulates Renal K Channel Activity

Ventura HO, Mehra MR, Stapleton DD, Smart FW (1997) Cyclo-
sporine-induced hypertension in cardiac transplantation. Med
Clin North Am 81:1347-1357

Wang J, Zhang ZR, Chon CF, Liang YY, Gu Y, Ma HF (2009)
Cyclosporine stimulates the renal sodium channel by elevating
cholesterol. Am J Physiol 296:F284-F290

Wang WH, Giebisch G (1991) Dual modulation of renal ATP-
sensitive K™ channel by protein kinases A and C. Proc Natl Acad
Sci USA 88:9722-9725

Wang W, Hebert SC, Giebisch G (1997) Renal K™ channels: structure
and function. Annu Rev Physiol 59:413-436

@ Springer

Wu H, Kanatous SB, Thurmond FA, Gallardo T, Isotani E, Bassel-
Duby R, Williams RS (2002) Regulation of mitochondrial
biogenesis in skeletal muscle by CaMK. Science 296:349-352

Ye B, Liu Y, Zhang Y (2006) Properties of a potassium channel in the
basolateral membrane of renal proximal convoluted tubule and
the effect of cyclosporine on it. Physiol Res 55:617-622

Zhang Y, Lin DH, Wang ZJ, Jin Y, Yang B, Wang WH (2008) K
restriction inhibits protein phosphatase 2B (calcineurin) and
suppression of calcineurin decreases ROMK channel activity in
the CCD. Am J Physiol 294:C765-C773



	Role of Calcineurin-Mediated Dephosphorylation in Modulation of an Inwardly Rectifying K+ Channel in Human Proximal Tubule Cells
	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	Solutions
	Patch-Clamp Technique
	[Ca2+]i Measurement
	Western Blot
	Test Substances
	Statistics

	Results
	Effects of CaN Inhibitors on Activity of the Inwardly Rectifying K+ Channel in RPTECs
	Changes in [Ca2+]i in Response to Inhibitors of CaN
	Effects of Inhibitors of PKC and CaMKII �on CsA-Induced K+ Channel Suppression
	Changes in [Ca2+]i in Response to CsA in the Presence of a PKC Inhibitor or a CaMKII Inhibitor
	Detection of CaMKII and Phospho-CaMKII (Thr286) in RPTECs
	Effects of Rise in [Ca2+]i on Channel Activity in the Absence and Presence of Inhibitors of PKC and CaMKII
	Direct Effects of Cytoplasmic Ca2+ and CaM �on Channel Activity in Inside-Out Patches
	Direct Effects of CaN and CaMKII on Channel Activity in Inside-Out Patches

	Discussion
	CaN Inhibitor-induced K+ Channel Suppression �and [Ca2+]i Elevation
	Modulation of K+ Channel Activity by CaN �and CaMKII
	A Possibility of a Functional Relationship Between CaN and CaMKII

	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


