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Abstract. The apical membrane of distal nephron epi-increased the single channel conductance and the opel
thelium (A6) has a C&-dependent outwardly rectifying probability as did insulin in cell-attached patches. The
CI” channel with single channel conductances of 3 pS foinsulin-induced increases in single channel conductance
outward current and 1 pS for inward current under theand open probability were reversibly decreased by ap-
basal condition. The single channel conductance for inplication of PTK catalytic subunit in the presence of ATP
ward currents increased as cytosolicCeoncentration  through a decrease in the sensitivity to cytosoli¢Ca
([Ca?"],) was elevated, while the single channel conduc-but not by protein kinase A. These observations suggest
tance for outward currents did not change at the range ahat as intracellular signalling of insulin action, PP2B-
[Ca®"]. from 10 v to 1 mm. Insulin (100 m) increased mediated dephosphorylation of phospho-tyrosine of the
the single channel conductance for the inward current bghannel protein (or channel-associated protein) is a novel
increasing the sensitivity to cytosolic €zby 400-fold, mechanism for regulation of single channel conductance,
but did not affect the single channel conductance for theand that at least two different types of PTKs regulate the
outward current. Further, insulin increased the operchannel characteristics.

probability of the channel. These effects of insulin were

completely blocked by cyclosporin-A, an inhibitor of Key words: Protein tyrosine kinase — Cyclosporin A —
protein phosphatase type 2B (PP2B) which dephosHgg — Lavendusti A — Single channel conductance
phorylates phospho-tyrosine in addition to phospho-— cg*
serine/threonine, but not by okadaic acid, an inhibitor of
protein phosphatase type 1 and 2A. Further, these ef-
fects of insulin were also completely blocked by W7, anlntroduction
antagonist of calmodulin which is required for activation
of PP2B. Lavendustin A, an inhibitor of protein tyrosine It is well recognized that insulin has various effects on
kinase (PTK), mimicked these effects of insulin; this cell metabolism, glucose uptake and ion transport [11,
action of lavendustin A required 1 hr after its application, 21, 29, 47]. The first step of insulin action is activation
while within 30 min after its application lavendustin A of protein tyrosine kinase (PTK) involved in the insulin
had no significant effects on the single channel conducfeceptor, which is one of the most important signal-
tance. On the other hand, lavendustin A blocked the intransduction pathways in insulin action [10, 15, 23, 40].
sulin action for a relatively short time period (i.e., within On the other hand, the function of ion channels is modu-
30 min after their application). However, H89 (an in- lated by insulin [9, 29, 32, 49]. However, it is still un-
hibitor of protein kinase A) or H7 (an inhibitor of protein clear how insulin acts on remote effectors like ion chan-
kinases A, C and G) did not mimic the insulin action. nels in the apical membrane after activating the PTK of
Application of PP2B or protein tyrosine phosphatase tothe receptor located in the basolateral membrane of the
the cytosolic surface of the inside-out patch membraneell. lon channels have been reported to be regulated by
cytosolic C&", nucleotide, phosphorylation and dephos-
phorylation [19, 20, 39, 44, 45, 48]. We performed
I single channel recording experiments to study the
Correspondence toY. Marunaka mechanism of insulin action on the single channel con-
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ductance of the Cgé-dependent Clchannel in the apical Ca concentration was adjusted using the known gagti EGTA (10
membrane of a renal cell line, A6 cell. Here, we reporth as pure EGTA) concentrations, calculated withymidlues of 10.86

. L L ) ’ 4- _ - .
that insulin increased the single channel conductance dff EGTA" and 5.25 for HEGTA". The solution of the patch pipette
the Cé*-de endent Clchannel by increasing the sensi- contained 10Qum amiloride to block amiloride-sensitive Nighannels
L P . + y g . that were frequently observed in the apical membrane of A6 cells [28].
tivity to cytosolic C&" through dephosphorylation of
phospho-tyrosine of the channel or channel-associated
protein through activation of protein phosphatase typeCHEMICALS AND HORMONE

2B (PP2B). The present study is the first report that theInsulin protein kinase A (PKA) catalytic subunit, H7, aldosterone and
insulin action is mediated through PP2B. amiloride were obtained from Sigma Chemical (St. Louis, MO); lav-

endustin A from CALBIOCHEM (San Diego, CA); PTP 34 kDa frag-
. ment from Boehringer Mannheim GmbH (Mannheim, Germany); PTK
Materials and Methods catalytic subunit (p60c-src, c-src kinase) from Upstate Biotechnology
(Lake Placid, NY); okadaic acid from Research Biochemicals Interna-
tional (Natick, MA); cyclosporin-A (CYCL), H89 and W7 from
CeLL CuLTURE CALBIOCHEM; NCTC-109 medium, FBS, streptomycin and penicil-

. . linfrom GIBCO (Grand Island, NY). PP2B and calmodulin were gen-
A6 cells were purchased from the American Type Culture Collection o gifts from Drs. N. Yokoyama and J. H. Wang (Department of

(Rockville, MD) in the 68th passages, and were maintained in IC’Ias‘ticBiochemistry, University of Western Ontario Faculty of Medicine,
culture flasks at 26°C in an incubator with 4% C@ air [35-37]. London, Ontario, Canada).

All the experiments were carried out on the 75f83rd passages.

The culture medium was NCTC-109 medium modified for amphibian

cells (100 nm NaCl, 20 mu NaHCG;, pH 7.4), in which 10% fetal DaTA PRESENTATION

bovine serum (FBS), 1.m aldosterone, 10@.g/ml streptomycin and

100 U/ml penicillin were added. For patch clamp experiments, A6 The data are represented as meass.2Wheresp bars are not visible,

cells were subcultured for 1014 days on a permeable support filter they are smaller than the symbol. The Studettest or ANOVA was

(Nunc Tissue Culture Inserts, Roskilde, Denmark) to form a polarizedysed for statistical analysis as appropriate andrtivalue < 0.05 was

monolayer. considered significant. When the value was less than 0.05, it is
marked by * or”,

RECORD OF SINGLE CHANNEL CURRENTS

_ ~ Results
Standard patch clamp techniques were used [14, 29-31]. Patch pipettes

were made from LG 16 glass (Dagan Corporation, Minneapolis, MN)

and fired-polished to produce tip diameters of aboutyh® The patch  |NSULIN ACTION ON SINGLE CHANNEL CURRENTS AND
pipette was applied from the apical side. Then, we madelaséal CURRENT-VOLTAGE RELATIONSHIP
(>400 QY) on the apical membrane of cells. Single channel currents

from cell-attached and excised inside-out patches were obtained at 2’& . | d126. 271. th ical b
[023°C with an Axopatch 1D patch clamp amplifier (Axon Instruments, s we previously reported [26, 27], the apical membrane

Foster City, CA). Current signals were recorded on a digital videoOf A6 cells h_a_d an outwardly rectifying Clchannel.
recorder (HF860D, Sony, Tokyo, Japan) with pulse-code modulationThe permeability to Cl (P.,) of the channel was much
(1-DR-390, Neuro Data Instruments Corporation, New York, NY), and larger than the permeability to NgP,,) or K* (Py):
then digitized and analyzed with a continuous-data acquisition pro—pCI/pNa and |:>C|/|:>K were Iarger than 17, respectively

gram. A 100-Hz low-pass filter was used to demonstrate the singl127] Figure 1 shows typical traces of single channel
channel current. The single channel conductance shown in the preseht

otud hord cond gurrents through this Clchannel obtained from a cell-

y means a chord conductance between 0 and +100 mV for outwar: -

currents or between 0 and -100 mV for inward currents. The openattaChed .patCh form?d 9” the ap|c_al mgmbrape before
probability was measured at 100 mV [29, 31]. The amplitudes of the@Nd 20 min after application of 10@rinsulin applied to
single channel currents and conductances shown in the present studiie basolateral solution. The interesting action of insulin
were not significantly due to the filtering effects, since they were noton this channel was to increase the magnitude of the
significantly altered by the filter at least in the range of 50-300 Hz. jnward current through this Clchannel and the open
probability (Fig. 1). The insulin-untreated channel had
an outwardly rectified current-voltage relationship (open
squares in Fig. 2; Control); the single channel conduc-
In experiments of cell attached patches, the bathing and pipette solitlances for outward and inward currents were 3 and 1 pS,
tions contained (in m): 120 NaCl, 3.5 KCI, 1 CaGJ 1 MgCl,, and 10 respectively. On the other hand, the insulin-treated
HEPES with pH of 7.4. In experiments of inside-out patches, the pi-channel had a linear current-voltage relationship (closed
pette contained the same solution as that used in cell-attached patcheﬁcles in Fig. 2; Insulin); the single channel conduc-
and the bathing (cytosolic) solution contained the same ionic compos

sition as that used in cell-attached patches except for the free Ca cor@nces for both outward and inward currents were 3 pS.

centration. To vary the free Ca concentration of the bathing (cytosolic)':lgure 3 shows the t'.me course of the smgle channel
solution used in inside-out patches, the appropriate amounts of,Caciconductance for the inward current at 100 mV more
were added into the pipette solution containing WWEGTA. Thefree  negative than the resting membrane potential. The single

SOLUTIONS



Y. Marunaka et al.: Insulin and PP2B Action on"@hannel 237

Cell-attached Cell-attached
G GED

A. Control B. Insulin 0.6

-Vp (mV)

. 9 s A
NS 9 e '

100 - - o2t ] 1
70 J — " ML Lo E /
E 0.0 »
0 - - 3

02}
4100 PRANe—e—— “m NM]f*MN M F_ |
_ — 04 F .
140 TR ¢
| 0.3 pA .06 L= 1 L N 1 N
7s 4150 -100 -50 0 50 100 150
-Vp (mV)

Fig. 1. Single channel current traces obtained from a cell-attached

patch before4. Control) and 20 min afterR. Insulin) 100 m insulin Fig. 2. Current-voltage relationship obtained from a cell-attached
application. -Vp means the replacement of the holding potential frompatch before (open squares; Control) and 20 min after (closed circles;
the resting apical membrane potential. For example, =100 mV Insulin) 100 m application. -Vp= -100 mV, which means that the
means that the intracellular potential of the patch membrane, referred tintracellular potential of the patch membrane, referred to as the intrapi-
as the intrapipette potential (extracellular potential), was 100 mV morepette potential (extracellular potential), was 100 mV more negative
positive than that of the resting membrane potential. The closed levethan that of the resting membrane potentiak= 5.

of the single channel current is marked with a horizontal dash at the

right of each trace. Downward deflection indicates inward currents

across the patch membrane.

Cell-attached
channel conductance started to increase immediately a

ter insulin application, reaching steady values within 20
min (Fig. 3).

EFFECTS OFPROTEIN PHOSPHATASE INHIBITORS AND
CALMODULIN ANTAGONIST ON INSULIN ACTION

Single channel conductance (pS)
n

We tested whether an inhibitor of protein phosphatas¢ o

type 2B (PP2B) blocks the insulin action on the single O 10 2 30 40 50 60
channel conductance and the open probability. Figure
4A shows single channel currents at 100 mV more nega
tive than the resting membrane potential recorded frontig 3. Time courses of single channel conductance for inward current
cell-attached patches formed on the apical membrane @fter insulin application in cell-attached patches at -¥p-100 mV,
cells under various conditions; without insulin or any  which means that the intracellular potential of the patch membrane,
other blockers (Fig. A-a); b, with insulin (Fig. 4A-b); c, referred to as the intrapipette potential (extracellular potential), was 100
with insulin after pretreatment of cyclosporin-A (im, mV more negative than that of the re;ting membrane_ potential. The
an inhibitor of PP2B; Fig. A-c); d, with insulin after Is_lngle (I:‘hatr‘mel cond#ctani:e Ztarte? to |n(_:trhe_as§0|mr_ne_d|2tely after insu-
pretreatment of W7 (10QM, an inhibitor of calmodulin; 1 appiication, reaching steady vallies WIthin =2 fmn= ©.

Fig. 4A-d); e, with insulin after pretreatment of okadaic

acid (1 M, an inhibitor of protein phosphatase type 1 was also reversibly decreased to the basal level by cy-
(PP1) and protein phosphatase type 2A (PP2A); FAg. 4 closporin-A 1 hr later after application of cyclosporin-A.
€). Insulin increased the amplitude of the single channeBSince PP2B is a G4-dependent enzyme that is activated
current for the inward current (FigAda,b). In the pres- by calmodulin (6,42), we studied whether an inhibitor of
ence of cyclosporin-A, insulin failed to increase the am-calmodulin, W7, blocks the insulin action. W7 (10®)
plitude of the single channel current for the inward cur-abolished the insulin action (FigAda,b,d as did cyclo-
rent (Fig. A-a,b,§. The insulin-increased amplitude sporin-A. However, okadaic acid {im), an inhibitor of

Time (min)
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Fig. 4. Single 3 pS Cl channel activity. &) Single channel currents were recorded in cell-attached patches at=—V{00 mV, which means that

the intracellular potential of the patch membrane, referred to as the intrapipette potential (extracellular potential), was 100 mV more negative
that of the resting membrane potential.Base (without any treatment, BASH); 20 min after addition of 100w insulin (INS); c, 20 min after
addition of 100 m insulin (INS) in the presence of im cyclosporin-A (CYCL) which was applied 1 hr before addition of insuin20 min after
addition of 100 m insulin (INS) in the presence of 100w W7 which was applied 30 min before addition of insul®;20 min after addition of

100 rm insulin (INS) in the presence of lm okadaic acid (OA) which was applied 1 hr before addition of insul).Statistical results of single
channel conductances obtained from cell-attached patches formed on cells under the condition showiT Régugper and lower panels show
the single channel conductances for outward and inward currents a+=1@0 and —100 mV, respectively. Insulin significantly increased the single
channel conductance for inward currentP4: 0.0001, compared with the base), while cyclosporin-A or W7 completely blocked the insulin action
(*, P <0.0001; compared with insulin only). Okadaic acid had no significant effects on the insulin action; in the presence of OA, insulin increa
the single channel conductance for the inward currenP(#,0.0001). However, the single channel conductance was not significantly affected by
insulin or other agent: = 6 except okadaic acid) = 3 for okadaic acid. ) Statistical results of open probability obtained from cell-attached
patches formed on cells under the condition shown in FAgT4e upper and lower panels show the open probability for outward and inward currents
at —-Vp = 100 and -100 mV, respectively. Insulin significantly increased the open probabiliy €#0.025, compared with the base), while
cyclosporin-A or W7 completely blocked the insulin action P*< 0.05; compared with insulin only). Insulin increased the open probability even
in the presence of OA (# < 0.025; compared with base); okadaic acid had no significant effects on the insulin action (compared with insulin only
n = 6.

O

Single channel conductance (pS)
Open probability

protein phosphatase type 1 (PP1) and protein phosph&rrecTs oFPROTEIN KINASE INHIBITORS ON

tase type 2A (PP2A), did not significantly affect the in- INSuLIN ACTION

sulin action (Fig. A-a,b,9. These observations about

the single channel conductance for inward currents ar@ds shown above, our observations indicate that insulin
summarized in Fig. B (solid bars). On the other hand, may increase the single channel conductance and the
neither insulin nor these inhibitors had significant ef- open probability by dephosphorylating the channel or
fects on the single channel conductance for the outehannel-associated protein through PP2B-dependent
ward current (slashed bars in FigBj Further, insulin  pathways. So, we tested what kind of protein kinase
increased the open probability of the channel and thehosphorylates the protein which regulates the single
effect of insulin on the open probability was blocked by channel conductance and the open probability. In cell-
cyclosporin-A or W7, but not by okadaic acid (FigC#  attached patches, lavendustin A (ju& for 1 hr treat-
These observations suggest that the insulin action on theent), an inhibitor of protein tyrosine kinase (PTK),
single channel conductance and the open probability isnimicked the insulin action; i.e., lavendustin A signifi-
mediated through PP2B-dependent pathways. cantly increased the single channel conductance for in-
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Fig. 5. The effect of inhibitors of protein kinases on the single channel conductalicAcfual traces of single channel currents obtained from
cell-attached patches at -V —100 mV.a, control (CONT);b, lavendustin A (LAV, 10um) action was measured 1 hr after its application;

H89 (0.5uM) action was measured 1 hr after its applicatidnH7 (50 wm) action was measured 4 hr after its applicatids). $tatistical results

of single channel conductances obtained from cell-attached patches formed on cells. The upper and lower panels show the single ct
conductances for outward and inward currents at =200 and —-100 mV, respectively. Lavendustin A significantly increased the single channel
conductance for inward currents (® < 0.0001), while Lavendustin A had no significant effects on the single channel conductance for outwar
currents. H89 and H7 had no significant effects on the single channel conductance for outward or inward ousrehit§C) Statistical results of
open probability obtained from cell-attached patches formed on cells. The upper and lower panels show the open probability for outward and in
currents at —-Vp= 100 and —-100 mV, respectively. Lavendustin A significantly increased the open probabilty(6,0001). H89 or H7 did not
increase the open probability. = 6.

ward current (Fig. B-a,band solid bars in Fig.B), but  action. As described above, lavendustin A, an inhibitor
did not affect the single channel conductance for theof PTK, mimicked the insulin action on the single chan-
outward current (slashed bars in Fig)5 On the other nel conductance and the open probability. This observa-
hand, H89 (an inhibitor of cAMP-dependent protein ki- tion seems to be inconsistent with the coupling of the
nase (PKA), 0.5um for 1 hr treatment) or H7 (an inhibi- insulin signalling to the PTK. Therefore, we studied the
tor of PKA, protein kinase C (PKC) and cGMP- relationship between the insulin and lavendustin A ac-
dependent protein kinase (PKG), a1 for 4 hr treat-  tion. Lavendustin A itself increased the single channel
ment) had no significant effects on the single channekonductance 1 hr after its application, however lavendus-
conductance in cell-attached patches (Fi#:cd,B), in-  tin A had no significant effects on the single channel
dicating that these Compounds failed to mimic the inSU"nconductance within 30 min after its application (open
action. Our previous (43) and preliminary observationspars in Fig. 6). The insulin action was significantly ob-
indicate that H89 and H7 blocked the cAMP action ongerved within 10 min after its application (Fig. 6). The
the CI" channel in A cells. This suggests that the failurejnsy|in action was significantly diminished in the pres-
of H89 or H7 to mimic the insulin action would not be gnce of lavendustin A during the period of 30 min after
due to the lack of the inhibitory action on PKA or other 4npjication of insulin, while 60 min after insulin appli-
kinases in the cell. Further, lavendustin A increased th&.ation in the presence of lavendustin A the single chan-

open probability, but H89 or H7 had no stimulatory ef- ,g| conductance was increased (solid and slashed bars it
fects on the open probability (FigC). These observa- g gy This increase in the single channel conductance

tions !ndlcate th"."t tyrosine In the channel or channel—was also observed in the presence of lavendustin A alone
associated protein is phosphorylated by PTK and is d

®for 60 min without insulin (open bars in Fig. 6). There-
phosphorylated by PP2B. fore, lavendustin A inhibited the insulin action, although
the co-application of insulin and lavendustin A for a
relatively long period (60 min) induced an increase in the
The insulin receptor is thought to be coupled to PTK,single channel conductance due to the action of laven-
suggesting that a PTK inhibitor could block the insulin dustin A itself but not due to the insulin action.

EFFECTS OFLAVENDUSTIN A ON THE INSULIN ACTION
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4 1 mm sin Cell-attached effects on the single channel conductance for the out-
Insulin + LAV * * ward current as did insulin in cell-attached patches (Fig.
0 v 7A-a,c,BandC) as did PP2B. Taken together, these ob-

servations suggest that both PP2B and PTP would in-
crease the single channel conductance for inward current
and the open probability by dephosphorylating phospho-
tyrosine of the channel or channel-associated protein.

w
1

EFFECTS OFPROTEIN KINASES ON INSULIN ACTION

We further tested whether the insulin-increased single
channel conductance is reversibly decreased by applica-
tion of PTK. We first made cell-attached patches on the
apical membrane without any treatment. After getting
high seal resistances (>400Xg we applied insulin to
Fig. 6. Time course of single channel conductance for inward currentsﬂ.1e baSOI_ateral solution, while keeplng the hlgh seal r_e'
after application of insulin, lavendustin A or insulin with lavendustin A Sistance in cell-attached patches. Then, after observing
in cell-attached patches at -V -100 mV, which means that the the insulin-induced increase in the amplitude of the
intracellular potential of the patch membrane, referred to as the intrapisingle channel current and the open probability, we made
pette potential (extra_cellular potential), was 100 mv more negativeinside-out patches. In a bathing (cytosolic) solution con-
Sinifcant effecs on the Snge. channel conductance wihin 30 min2iMing 1 Ca2*, the amplitude of the single channel

g 9 current was 0.3 pA at the membrane potential of ~100

after its application, while lavendustin A increased the single channe . ; i . ingl h |
conductance at 60 min after its application. Insulin was applied in themv (Flg' 8A-a; Insu m) and its single channe conduc-

presence of lavendustin A (lavendustin A was applied 10 min beforet@nce for the inward current was 3 pS (solid bars in Fig.

addition of insulin). The insulin action on the single channel conduc-8B; Insulin), which was much larger than that obtained

tance was completely blocked by the presence of lavendustin A withinfrom insulin-untreated cells (Fig.A?a and solid bar in

30 min after application of insulin (*P < 0.001); there was no sig- Fig. 7B; CONT). We applied PTK catalytic subunit

nificant differences between lavendustin A and Insulin + Iavendustin(lz_s U/ml) with ATP (2 nM) to the cytosolic surface of

A. At 60 min after application of insulin in the presence of lavendustin . . .

A, the single channel conductance was increased to a level similar t&he patCh _membrane obtained from |nsu||n-treated _Ce”S'

that in the absence of lavendustin h.= 6. The amplitude and conductance of the inward single
channel current were decreased (Fi§-a& b and solid
bar in Fig. 8 (Insulin + PTK)) instantaneously after the

EFFECTS OFPROTEIN PHOSPHATASES ONINSULIN ACTION PTK application. However, the single channel conduc-
tance for the outward current was not affected by PTK

To further confirm the role of dephosphorylation of ty- (sl_ashed bz_ars in Fig 6. Qn the other hand, PKA cata-
A , . ; , lytic subunit (10pwg/ml) with ATP (2 mv) to the cyto-
rosine in the insulin action, we performed experiments? . .

. . . ..~ ~solic surface of the patch membrane obtained from in-
by directly applying PP2B to cytosolic surface of inside- sulin-treated cells did not reversibly decrease them (Fi
out patches containing the TGthannel in a bathing (cy- 8A-a, candB). The open robabilitywas also reversibl >
tosolic) solution with 1um C&*. PP2B (15.6ug/ml) ; ' penp y y

with calmodulin (an activator of PP2B, 3@g/ml) in- decreased by PTK, but not by PKA (FigCB

creased the single channel conductance for the inward

current and the open probability without any significant SENSITIVITY OF SINGLE CHANNEL CONDUCTANCE TO

effects on the single channel current for the outwardCytosoLic C&* AND EFFECTS OFINSULIN AND PTK ON
current as did insulin in cell-attached patches (Fi§- 7 THE SENSITIVITY To CyTosoLic Ca*

a,b,BandC). Calmodulin itself applied to the cytosolic

surface in inside-out patches had no significant effects oiWe also studied the sensitivity of the single channel con-
the single channel conductance or the open probabilitgluctance to cytosolic G4 The sensitivity to cytosolic
(data not showp Further, to confirm dephosphorylation Ca™* in Control in Fig. 9 was obtained from inside-out
of phospho-tyrosine by PP2B, we also studied the effecpatches formed on the apical membrane of cells without
of protein tyrosine phosphatase (PTP) on the single charinsulin pretreatment. In the cases of cells with the insu-
nel conductance. PTP (25 mU/ml) applied to the cyto-lin pretreatment, we used the same protocol as done in
solic surface of the inside-out patches containing the Cl experiments shown in Fig. 8 applying insulin before
channel in a bathing (cytosolic) solution withil C&*  making inside-out patches. Insulin increased the sensi-
increased the single channel conductance for the inwartivity of the channel to cytosolic G4 by 400-fold
current and the open probability without any significant (compare circles and triangles in Fig. 9). PTK catalytic

Single channel conductance (pS)
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Fig. 7. Effects of protein phosphatase type 2B (PP2B) and protein tyrosine phosphatase (PTP) on the single channel corustinaktraces

of single channel currents obtained from inside-out patches obtained from cells without insulin treatment at —100 mV. The bathing (cytos
solution contained fum C&2*. a, control (CONT);b, PP2B (15.6.g/ml) action was measured 10 min after its application from the cytosolic surface
in the presence of calmodulin (30g/ml); ¢, PTP (25 mU/mI) action was measured 10 min after its application from the cytosolic suice. (
Statistical results of single channel conductances obtained from inside-out patches under the condition showf.ififdgiEper and lower panels
show the single channel conductances for outward and inward currents at 100 and -100 mV, respectively. PP2B and PTP significantly incr
the single channel conductance for inward current(¥% 0.0005), while they had no significant effects on the single channel conductance for
outward currentsn = 4. (C) Statistical results of open probability obtained from cell-attached patches. The upper and lower panels show the o
probability for outward and inward currents at 100 and -100 mV, respectively. PP2B and PTP significantly increased the open prolbility (
<0.05).n = 5.

subunit reversibly, but not completely, decreased the88], no information is available on the role of PP2B in
insulin-increased sensitivity of the single channel con-dephosphorylation of phospho-tyrosine in vivo (cell
ductance to cytosolic G4 (Fig. 9). The Table summa- level). The present study is the first report indicating that
rizes the maximum values of the single channel conducinsulin acts through PP2B-dependent pathways through
tance for the inward current and Eof cytosolic C&*  dephosphorylation of phospho-tyrosine of protein in vivo
on the single channel conductance in inside-out patchegell level).

obtained from control (insulin-untreated) cells and insu-
lin-treated cells with and without application of PTK

catalytic subunit. On the other hand, the single channeFROTEIN TYROSINE KiNASE (PTK)

conductance for the outward current (about 3 pS) did no}:)TK blv d d the insulin-i d sinal
change in the range of [¢4, from 10 m to 1 mw, reversibly decreased the insulin-increased single

irrespectively of the condition (basal, insulin or insulin channel conductance, but PTK could not completely de-
+PTK) (data not showp crease the single channel conductance to a_level W|tr_10ut
insulin treatment. The reason of this PTK-induced in-
complete recovery of the increased single channel con-
Discussion ductance is still unclear. Even though a PTK inhibitor
mimicked the insulin action, it is still unknown whether
under the in vitro condition where we made inside-out
PROTEIN PHOSPHATASES patches PTK catalytic subunits can completely phos-
phorylate tyrosine residue of protein regulating single
Various studies indicate that insulin activates some typehannel conductance. On the other hand, some othel
of protein phosphatases; e.g., insulin has been reported fthosphorylation of protein tyrosine caused by PTK
activate PP1 [1-3, 5, 46], PP2A [3] and pyruvate phos-catalytic subunits applied to the cytosolic surface of the
phatase [24]. However, no reports indicate the insulininside-out patch membrane, which would not occur in
action on PP2B. Further, although in vitro PP2B hasvivo (intact cell level), may interfere the decreasing ac-
been shown to dephosphorylate phospho-tyrosine [4, &on of PTK on the single channel conductance in vivo
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Fig. 8. Effects of protein tyrosine kinase (PTK) and cAMP-dependent protein kinase (PKA) on the single channel conductance of the insu
activated channel in inside-out patches. We first made cell-attached patches on the apical membrane without insulin treatment. After getting
seal resistances (>400(E}, we applied 100 m insulin to the basolateral solution, while keeping the high seal resistance in cell-attached patche
Then, after observing the insulin-induced increase in the amplitude of the single channel current, we made inside-out patches. The bathing (cytc
solution contained Jum Ca2*. (A) Actual traces of single channel currents in inside-out patches at —100 mV obtained from cells pretreated wi
100 v insulin for 30 min.a, Insulin only; b, PTK (p60c-src, 12.5 U/ml) action was measured 10 min after application of PTK in the presence o
ATP (2 mv) from the cytosolic surface in an inside-out patch obtained from insulin-treatecccBIKA (10 wg/ml) action was measured 10 min
after application of PKA in the presence of ATP (21jnfrom the cytosolic surface in an inside-out patch obtained from insulin-treated Bell. (
Statistical results of single channel conductances obtained from inside-out patches under the condition showh.ifiegigper and lower panels
show the single channel conductances for outward and inward currents at 100 and —100 mV, respectively. PTK significantly decreased the
channel conductance for inward currents P*< 0.0005), but not for outward currents. PKA had no significant effects on the single channel
conductance for the outward or inward curremt= 5. (C) Statistical results of open probability obtained from cell-attached patches under the
condition shown in Fig. 8. The upper and lower panels show the open probability for outward and inward currents at 100 and =100 m
respectively. PTK significantly diminished the insulin action on the open probability €0.05), however PKA had no significant effects on the
open probabilityn = 7.

(intact cell level). To confirm the phosphorylation site, out patches may result from lack of some cytosolic factor
further studies such as cloning of this channel may bencreasing the sensitivity to cytosolic €a Our prelimi-

required. nary observation indicated that the single channel con-
ductance for inward currents in the presence of ionomy-
DIFFERENT SENSITIVITY OF SINGLE CHANNEL cin (1 ™) in cell-attached patches was about 3 pS al-
CONDUCTANCE TO CYTOSOLIC C&* AT CELL-ATTACHED most similar to that in inside-out patches in a solution
AND INSIDE-OUT CONFIGURATION containing 1 nw C&*. The [C&*] even in the presence

of 1 um ionomycin would not be larger than 1@m
Our preliminary observation indicated that [ of A6 (our preliminary results). This preliminary observation
cells was 40-100m and insulin had no significant ef- supports that some cytosolic factor would increase the
fects on [C&"]., of A6 cells. In cell-attached patches, in sensitivity to cytosolic C&. Further, some reports indi-
control (without insulin treatment) the single channelcate that cytosolic factors have been reported to modu-
conductance was about 1 pS, while the single channdhte channel conductances [25], supporting our specu-
conductance in inside-out patches at the normal level ofation.
[Ca®"]. (40-100 m) was much smaller than 1 pS. In
insulin-treated cells, the single channel conductance waga mopuLin
3 pS in cell-attached patches and 1 pS in inside-out
patches at 100nn [Ca?*].. This difference between the Antagonists of calmodulin abolish the stimulatory action
single channel conductances in cell-attached and insidesf insulin on NaCl transport [17] and glucose uptake [13,
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zyme [6, 42]. These observations suggest that insulin
may act on the channel by activating PP2B via calmod-
ulin-dependent pathways. Our present study clearly in-

2 7 o Insulin dicates that insulin acts on the Cthannel through

o ® lgsulin + PTK PP2B-dependent pathways in a calmodulin-dependent
g 31 manner.

[&]

=]

2 ,

8 21 / SIGNALING PATHWAYS OF INSULIN

- /

g

_<CCU 1 . PTK is well recognized to be one of the most important
o 7 key enzymes in the signal transduction of the insulin
= sl action, which is involved in the insulin receptor [12, 22,
7] o y i ' X ' hosphorylation of the receptor’s tyrosine
Z 001 01 1 10 100 1000 33, 40]. Autophosphory p y

results from the insulin-induced activation of receptor
PTK [22, 33]. As described above, in A6 cells the insu-
Fig. 9. The dependency of the single channel conductance ofi]Ca lin action Wa_lS blocked by Iavgndustln A, .a PTK inhibi-
in inside-out patches. The single channel conductances were measurd@ SUQQGSt_mg _that the insulin receptor is coupled t(_) a
at -100 mV.Control: we made inside-out patches obtained from cell PTK (PTK* in Fig. 10). On the other hand, lavendustin
without insulin treatmentinsulin: we first made cell-attached patches A also mimicked the insulin action with a different time
on the apical membrane without any treatment; after getting high seatourse from the blocking action on the insulin effect.
resistances (>4004), we applied insulin (100pmwm) to the basolateral  This observation suggests that another type of PTK
solution, while keeping the high seal resistance in cell-attached patche:z'PTK# in Fig. 10) is involved in the channel regulation.
after observing the insulin-induced increase in the amplitude of the . . . . . .
single channel current, we made inside-out patchmssiin + PTK: we ,In eP'the"a' tissues, the a_Ctlvated PTK involved in the
made cell-attached patches on the apical membrane without any treat0SUlin receptor located in the basolateral membrane
ment; after getting high seal resistances (>4@®) Gve applied insulin does not direCtIy affect effector molecules located in the
(100 nv) to the basolateral solution, while keeping the high seal resis-apical membrane, but rather has a high affinity for po-
tance in cell-attached patches; after observing the insulin-induced intential cytoplasmic substrates and the ability to phos-
crease in the amplitude of the single channel current, we made inSidephoryIate them [22]. The interaction of the insulin re-
out patches; we applied PTK catalytic subunit (p60c-src, 12.5 U/mI)Ceptor with cytosolic proteins (e.g., insulin-receptor sub-
with ATP (2 mm) to the cytosolic surface of the inside-out patches. o . .
strate-1 [12, 22, 34]) may enable post-receptor signalling
to affect remote effectors such as ion channels located in
the apical membrane apart from the basolateral mem-
Table. The maximum values of the single channel conductance andorane where the insulin receptor is located. The obser-

[Ca®*], (uM)

ECs, of [Ca™]. vations of the present study indicate that insulin would
Condition Maximum value of EC., (um) activate cytoplasmic .PPZB in a caImoqum—dependent
the single channel manner, and thqt the increase in PPZB' actlylty causes the
conductance (pS) dephosphorylation of phospho-tyrosine in the*Ga
dependent Clchannel protein or channel-associated pro-
Control 3.7£0.3 92 +25 tein. This dephosphorylation of the channel or channel-
Insulin 35+07 023+ 0.03*  associated protein augments its sensitivity to cytosolic
Insulin/PTK 3.4+02 32 + 1.3%

Ce*, altering its single channel conductance. Dephos-
phorylation-induced modulation of the sensitivity to cy-
tosolic C&" may be the mechanism that regulates ion
transports through the &adependent Clchannel. The
identification of intermediate molecules in the post-
16]. On the other hand, insulin has also been reported teeceptor pathway may provide more details about insulin
induce phosphorylation of calmodulin [7, 18, 41]. Thesesignalling for the regulation of ion channels and transport
observations suggest that the insulin may stimulate iothrough PP2B-dependent pathways.

transport and glucose uptake by stimulating phosphory-

lation of calmodulin. However, even though it is sug- ]

gested that some action of insulin is mediated througHconclusion

phosphorylation of calmodulin, it was still unknown how

insulin stimulates ion or glucose transport through cal-Taken together, our observations shown in the present
modulin-dependent pathways. Recent studies indicatstudy suggest that insulin increases the single channel
that calmodulin activates PP2B, a Calependent en- conductance by increasing the sensitivity to cytosolic

* P < 0.001 (compared with controly#P < 0.005 (compared with
insulin); n = 4.
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Fig. 10. A model of regulatory pathways by insulin and cytosolicCz&Bome negative charge (white bar (=) in the channel protein in figure)
interferes accumulation of Gla charge carrier, into the conductive pore from the cytosolic site, resulting in a low single channel condugjance. (
When the channel protein is phosphorylated, high*[avhose positive charge is large enough to keep the negative charge apart from the pol
by neutralizing the negative charge of the phosphate causes high accumulatiornd @ie pore, leading to the channel with a high conductance.
(B) When the channel protein is phosphorylated, normaf{lcavhose positive charge is not large enough to keep the negative charge apart fron
the pore due to the interfere by the negative charge of the phosphate causes low accumulafiontofti® pore, leading to the channel with a
low conductance.) When the channel protein is dephosphorylated by PP2B activated by insulin, norrigl. @aose positive charge is large
enough to keep the negative charge apart form the pore without the negative charge of the phosphate causes high accumuiatmthef®re,
leading to the channel with a high conductance. These mean that thig [@&uired to induce an identical level of the single channel conductance
(3 pS) (i.e., accumulation of Cinto the channel pore) is much smaller in the dephosphorylated channel than the phosphorylated one. Lavendu
A blocks PTKs associated with the insulin receptor and in the cytosol. Lavendustin A blocks the insulin action by inhibiting the PTK* of the insu
receptor, while lavendustin A mimics the insulin action through an inhibition of the”RiTkhe cytosol which is a similar effect of stimulation of
PP2B.
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