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Abstract. Rodent lens connexin46 (rCx46) formed ac- ecules between neighboring animal cells. One gap junc-
tive voltage-dependent hemichannels when expressed tion channel consists of two connexons (hemichannels)
Xenopusocytes. Time-dependent macroscopic current®ach located in the plasma membrane of the opposec
were evoked upon depolarization. The observed two aceells. At the molecular level, connexons are composed
tivation time constants were weakly voltage-dependentf six polypeptides, the connexins. So far, at least 13
and in the order of hundreds of milliseconds and secondgjifferent connexins have been cloned in rodents (Bruz-
respectively. Occasionally, the macroscopic steady-stateone, White & Paul, 1996). Most tissues express more
current and the corresponding current-voltage curveahan one type of connexin (Cx). Four different types
showed inactivation at high depolarizing voltages (>+50such as Cx44, Cx46, Cx50, Cx56 are found in the lens
mV). To account for the fast recovery from inactivation (Paul et al., 1991; Rup, 1993; Gupta et al., 1994; Lin et
(<2 msec) favored by hyperpolarization, a four-state ki-al., 1998). Since the lens is an avascular tissue, its vi-
netic model Cygiosed < Coclosed @ Oopen < linactivated IS tality and function depend highly on proper cell-cell cou-
proposed. In the absence of inactivation, the macropling. The gap junction channels very likely provide the
scopic conductance decreased and inactivation becanimsis for sharing ions, second messengers and metaba
visible at voltages positive of +50 mV when the rCx46- lites between lens cells located near the aqueous/vitreous
expressing oocytes were treated with the protein-kinaseaumor and the core region (Mathias et al., 1997). For a
C-activators OAG or TPA, high external concentrationsbetter understanding of the physiology of the lens, it is of
of C&* or H". However, the underlying mechanisms of crucial importance to study how this tissue regulates its
OAG, H" or C&" action were different. While OAG did gap junctional coupling.
not alter the voltage-dependent activation of the rCx46-  In the lens, the gap junction channels in the cortical
hemichannels, an increase in the externaf*Car H* region are sensitive to internal pH, but the gap junction
level shifted the voltage threshold for activation to morechannels in the core region are not pH sensitive (Mathias
positive voltages. In contrast to €aprotons were not et al., 1991; Baldo & Mathias, 1992; Lin et al., 1998).
effective in the physiological concentration range. Welt is also known that due to bacterial infection the pH of
propose that under physiological conditions only exter-the vitreous humor can decrease from 7.4 to 6.6 (Davey,
nal C&* and intracellular PKC-dependent processesBarza & Peckman, 1987). The pH sensitivity in the cor-
regulate rCx46 in the lens. tical region may represent a mechanism developed by the
lens for self-insulation when the vitreous humor becomes
Key words: C&" — Connexin46 — Hemichannel acti- infected. However, the insensitivity of the core region to

vation — Inactivation — pH — OAG/TPA acidification may represent an adaptation to the low pH
_ measured in this region of the lens. This feature allows
Introduction cell-cell coupling even at a reduced pH (lens cortex: pH

7.4vs.lens core: pH 6.8; Bassnet & Duncan, 1985). The
internal pH insensitivity may be due to post-translational
modification of the gap junction channels in the core
region of the lens that results in a truncated C-terminus
— and in turn loss of pH susceptibility (Lin et al., 1998).
Correspondence td.-A. Kolb Further insights in the function of gap junction chan-

Gap junction channels are the intercellular bridges al
lowing the cytoplasmic transport of ions and small mol-
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nels from the lens were obtained on the basis of theilDATA ANALYSIS
mdlwdual hemlc_hannels (CX46.’ CX56) that do form_ac- The steady-state current amplitudggvere leak-subtracted and shown
tive connexons in the expreSS|0r_1 SYSME“OPUS laevis as function of the ion driving forceM - V,.,) in Figs. 2A and 3B.
oocytes (Paul et al., ?—991; Ebihara & Steiner, 1993; eak currents were determined by extrapolation of the corresponding
Gupta et al., 1994; Ebihara, Berthoud & Beyer, 1995).data points between —110 to —65 mV and the reversal poteiia) (
The voltage-dependent properties of the rCx46- oy linear regression. The reversal potentis() of the non-leak-
chicken Cx56-formed hemichannels reflected those of subtracted (V) curve was calculated by an 4-point interpolation poly-
the corresponding gap junction channels (Ebihara et al/}°™ _
1995) Ebihara and Steiner (1993) also demonstrate The macroscopic conductance was calculated from the steady-
: . . . gtate current amplitude under consideration of the ion driving fovce (
that the gating beha\for of rCX46'hem'Channe| depends V,e,).- The derived values were plotted as a function of the test
on the external Cd concentration. Recently, we potential. To describe at steady-state the voltage-dependent conduc-
showed that activation or inhibition of protein kinase C tance without significant influence of inactivation, the corresponding
(PKC) influenced the conductance of the rCx46-hemi-current values measured in the range from -110 to +40 mV were
channels (Ngezahayo et al., 1998), suggesting that phogﬁn??fre'd ar}d flttgd thh a S|m£lle Boltzmann dlstrlbutlc/m as given by
phorylation/dephosphorylation processes most likely® following function:G(V) = (A/(1 + exp(-¥ = Vy,,)2F/RT) + B).

tribute to rCx46-hemich I lati R, T, Fhave their usual meaning¥,,, represents the half-activation
contribute to rLx4b-nemichanne! regulation. voltage at which 50% of the maximal conductance is reachedp-

Since (i) the pH varies in different regions of the resents the number of apparent equivalent gating charges. The param
lens or decreases during bacterial infection (Bassnet &terA gives the maximal macroscopic conductance of the hemichan-
Duncan, 1985; Davey et al., 1987), and (ii) evidence wasels, B represents the nonvoltage-dependent leak conductance. The
provided that hemichannel activation might occur in na-G(V) curves were normalized to the derived fits by setthg 1 and
tive tissues (DeVries & Schwarz, 1992; Malchow et al., B =0 _ o
1994), we examined the dependence of the rCx46- The theoretical valyes show_n |n. legD.’(ISS, oEen symbols) were

. . . . calculated by the following equatiofyy (V = Viey) = (V= Vied) * liai/
hemichannel activity on _EXte_mal pH in comparison to (Vu — View Wherel,; gives the instantaneous tail current amplitude
external C&" and PKC activation. The results show that recorded at the holding voltagé, after application of the test poten-
external pH, pCa and the PKC-activators OAG or TPAtial V.
differentially altered the activation and inactivation be-
havior of the rCx46-hemichannels. We suggest thatSoLuTions
phosph+qrylat|on/dephosphorylatlon processgs and ex.te{/_oltage- and current-recording micropipettes were filled with BCI
nal Caz_ 1ons rather_ t_han the eXt_emal pH are involved '_n and had an input resistance of 1-48. The control bath solution was
controlling the activity of hemichannels under physi- nominally C&"-free and contained 100mKCl, 2 mm MgCl,, 10 mm
ological conditions. MES/TRIS (pH 7.7). The osmolality of all bath solutions was adjusted

to 240 mosmol/kg wittp-sorbitol. A stock solution of 200 mn OAG
(1-oleoyl-2-acetykn-glycerol; Calbiochem-Novabiochem GmbH, Bad

Material and Methods Soden, Germany) was prepared by dissolving OAG in DMSO (Merck,
Darmstadt, Germany). Using the control bath solution, the OAG/
MOLECULAR BloLOGY DMSO-stock solution was diluted to the final concentration of 280

and 0.25% DMSO just before the beginning of experimentation. TPA
Xenopus laevisoocytes were prepared and injected with rCx46- (Phorbol-12-myristate-13-acetate; Calbiochem-Novabiochem GmbH,
encoding RNA, as described by Ngezahayo et al. (1998). Bad Soden, Germany) was dissolved in DMSO and diluted in the

control bath solution to a final concentration of 4 MPA and 0.25%

DMSO. The control bath solution which were used as a reference for
ELECTROPHYSIOLOGICAL MEASUREMENTS the OAG and TPA experiments additionally contained 0.25% DMSO.

. . During the current recordings the oocytes were continuously perfused
Recordings of macroscopic currents were performed from sKei®- 5 5 rate of 0.5 mi/min. The experiments were performed at room
pusoocytes 1-2 days after RNA injection at room temperature. Cur'temperature.

rents were recorded using a voltage-clamp amplifier Turbo TEC-10 CD

(npi electronic, Tamm, Germany). Voltage protocols were applied by

a Pentium 100 MHz Computer linked to an ITC-16 interface (Instru- R€SUItS

tech, NY). The following pulse protocol was used throughout the ex-

periments. From a constant holding voltage of —90 mV test potentials\/ OLTAGE-DEPENDENT ACTIVATION AND INACTIVATION

were applied for 10 sec in the range from -110 mV to +70 in 15 o rCx46-HEMICHANNELS

mV-increments. Repolarization occurred at the holding voltdge=

-90 mV which was kept for at least 10 sec. Currents were filtered atRepresentative voltage-jump current-relaxations were re-
1 kHz and were sampled at 0.5 or 0.25 kHz. Data acquisition andcorded from rCx46-expressingenopus laevioocytes
analysis were performed by using Pulse/PulseFit (HEKA, Germany),under control bath conditions (FigAandB). To enable

Igor Pro (Wave Metrics, USA), Excel (Microsoft), PatchMaschine (V. _ . . _ .
Avdonin, University of lowa, IA) and MeinSweeper (B. Jedamzik, VOltage dependent activation of the rCx46-hemi

University of Hannover, Germany) denotes the numbers of indi- .Channels’ ’the O_OCWES V\{ere bathed in a ‘pseudo-
vidual experiments £ oocytes). Errors represent the standard devia-intracellular’ solution containing a high 'Kand a low
tion of the samplesp). C&" concentration (Ebihara et al., 1995). Test potentials
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applied in the range from =110 to +70 mV from a con-
stant holding potential of —-90 mV often induced current
responses without visible inactivation (FigA)L How-
+40 mV ever, as indicated by the current decline following a tran-
sient rise in the outward current amplitude (Fi@) 1the
rCx46-hemichannels occasionally showed inactivation at
test potentials more positive than +50 mV. The magni-
tude of inactivation remained stable throughout the
course of an experiment (up to 180 min). Further, cur-
rent inactivation was incomplete still leaving a large
2 pAl_z_ fraction of the outward current amplitude at the end of
s the long-lasting voltage pulse (FigB)l. The steady-state
current-voltage relationship (V - V,,)) derived from
spontaneously inactivating hemichannels is shown in
© Fig. 1D. Despite the increasing ion driving force, the
steady-state current amplitude at +70 mV was lower than
that measured at +55 mV indicating an inactivation be-
1 havior of the hemichannels (closed squares.3 in Fig.
o 1D). However, the instantaneous tail current amplitudes
evoked upon hyperpolarization did not reflect this inac-
tivation behavior observed at the preceding voltage pulse
to +70 mV (f. 3 with 3" in Fig. 1B-D). Thus, recovery

(A) +70 mV

+10 mV

1’ from inactivation occurred several orders of magnitude
faster (<2 msec) than deactivation.
! “AL27 2 1 “AL7 To describe the voltage-dependent steady-state acti-
s 3 S0 ms vation of the rCx46-hemichannels, macroscopic conduc-

tance-voltage G(V)) curves were determined in the ab-
sence of visible inactivationsée Fig. 1A). The G(V)
(D) L [WA] 6 3 curves show that the hemichannels stayed in the closed
state at test potentials more negative than —-65 mV but
opened at depolarizing potentials (Table 1, Fids.3C—
D). A half-maximal voltage activatioV,,, = =30 mV
and a number of apparent equivalent gating charges
3 were derived by fitting th&(V) curves with a simple
Boltzmann function under control conditions. The time
course of activation was characterized by at least two
activation time constants. The fast activation time con-

— stant was about 250 msec in the range from +15 to +55
-120 (\‘}(_’V )[mf{?] MV (T,15my = 256.2 + 37.4 mseq) = 27; T,eemy =

232.1 £ 29.0 msecn = 23) indicating no significant
Fig. 1. Voltage-dependent hemichannel activation and inactivationVO|tag_e dependence. The slow activation time constants
with fast recovery. &) Representative voltage-dependent current relax- WET€ 1N the order of seconds, s, = 2.1 + 0.4 secn

ation. Note the absence of a spontaneously occurring current inactiva= 27, Ti55mv = 3.4+ 1.0secn = 23)-

tion at high depolarizing voltages. For clearer presentation, current

traces evoked by voltage steps to —110, —-80, -50, -20, +10, +40, +7Q|_ 2+
mV were only shown. The dashed line represents the zero current level: HE EFFECT OFEXTERNAL C ON THE
(B) Representative current traces evoked by voltage steps to +40 m\ OLTAGE-DEPENDENT MEMBRANE CONDUCTANCE

(1), +55 mV (2) and +70 mV (3). Following a transient rise, the current

armoli . A rise in the external C4 concentration from nominal
plitude spontaneously decreased at a depolarizing voltage step 8a2+ . -

+70 mV (3) reflecting hemichannel inactivatiol©)(Raw current traces -free (control bath solution) to th_e millimolar range

from (B) are shown with a higher time resolution. Note that the inac- Was found to suppress the voltage-stimulated current am-

tivation-induced decrease in the steady-state current amplitude at +7plitude of rCx46-hemichannels (FigA2see alsdbihara

mV (3) is not seen in the corresponding instantaneous tail curren® Steiner, 1993). To study the é“beffect, we only used

amplitude (3). (D) The non-leak subtracted steady-state current am-rCx46-expressing oocytes showing no current inactiva-

plitudes (., M) from (B) are plotted as a function of the ion driving tion at +70 mV under control conditions. The steady—

force (V - V,.,) showing the inactivation behavior at +70 mV (3). For . .

comparison, the instantaneous tail current amplitudes were used t§tate cur_rent-vo+ltage relatlp_l‘gj(v B erv)) obtained u_n'

determine the theoretical steady-state current amplitudes{). Note der nominal C&'-free conditions (control bath solution)

that the theoretical value at +70 mV'f&lid not reflect the inactivation ~ and in the presence of InrCe* were plotted in Fig. &.

behavior of the corresponding steady-state current amplitude (3).  Compared to the control, the steady-state current ampli-



42 B. Jedamzik et al.: Regulation of rCx46-Hemichannels

A =
( ) |sS[|JA] 10 (B) 10 - o
(.')E 5
& 05 T
- -
0 80 0.0 i
(V‘Vrev)[m\/] T !-5|0| T IOI T ISOrT
VImV]

Fig. 2. Voltage dependence of macroscopic rCx46-currents and corresponding membrane conductance at dffferemte@drations in the bath.
(A) Current-voltage relationl{{V - V,,)) derived from a typical oocyte in nominal €afree control bath solution{) does not show current
inactivation but do after addition of 1 mC&* to the bath M). (B) Normalized voltage-dependent membrane conductaB¢é)/(G,,.,) Were
determined for nominal Ga-free bath solution({, n = 7) or for bath solution containing 0.5NmC&* (A, n = 4) and 1 nm C&?* (M, n = 5).
The solid lines represent fits of the data points with a simple Boltzmann function (for deteildaterials and Methods). To exchange the bath
solution within less than 2 min, the perfusion rate was increased to 2 mil/min.

tude was reduced in 1mCa"* over the whole voltage sponse of voltage-stimulated rCx46-expressing oocytes
range. TheG(V) curves showed that the half-maximal (Fig. 3A andB). As demonstrated by the corresponding
activation voltageV,,, shifted by about +30 mV to de- current-voltage curved ((V - V,.,)), compared to pH
polarizing voltages with increasing extracellular®Ca 7.7, the current amplitudgsat +70 mV was only slightly
levels (Fig. B, Table; Ebihara & Steiner, 1993). This increased or reduced at pH 8.8 and pH 6.6, respectively
Ca*-induced shift of the voltage threshold for hemi- (Fig. 3A and B; pH 6.6 not show. In line with this
channel activation likely caused the reduction in the cur-observation, th&(V) curves obtained for pH 8.8, pH 7.7
rent amplitude (Fig. &). Furthermore, the comparison and pH 6.6 were similar (Fig.. However, as at high
of the number of equivalent gating chargesevealed a  external C&" (Fig. 2; see alscEbihara & Steiner, 1993),
decrease fronz = 3.2 to aboutz = 2.0 (Table). The further external acidification from pH 7.7 to 6.0 revers-
significance of the CA effect was examined by applying ibly suppressed the voltage-evoked current amplitude
the unpairedt-test for determination of thé®> value (Fig. 3A and B) and increased the fast activation time
(Table). On the basis of thetest, the change i, but  constants (e.g., at +40 m¥,,; ; = 265.3 + 0.04 msec,
not in z was statistically significant (e.g., at IMrCa’™: Tons.o = 940.8 + 0.08 mseay) = 3). Previous studies
Py1,2<0.0001;P, = 0.0582). As observed for the spon- reported that internal acidification reduced the gap junc-
taneously occurring inactivation (FigB£D), the out- tional conductance (Ek et al., 1994). We observed that
ward current amplitude at +70 mV was lower than theexternal pH at 6.0 affected the conductance of rCx46-
current amplitude at +55 mV. In line with this observa- hemichannels faster than internal acidification altered the
tion, the G(V) curve at high external Ga showed a gap junction conductance of paired hemichannels (Ek et
decline in the conductance above +50 mV (FiB) - al., 1994). Thus, we conclude that the effects on rCx46-
dicating that hemichannel inactivation became visible ahemichannels seen at an external pH of 6.0 resulted from
highly depolarized voltages in the presence of high exa change in the external rather than in the internal pH.
ternal C&". However, as found for the spontaneously Acidification to pH 6.0 also shifted th&(V) curve by
occurring inactivation under control conditions (nominal about +25 mV to more positive voltageB & 0.0002)
free C&"; Fig. 1), the current decrease at +70 mV in the causing the observed reduction of the current amplitude
presence of G4 (1 mm) was not observed in the corre- (Fig. 3A, B, D; Table). An external pH of 6.0 decreased
sponding instantaneous tail current amplitude. the number of equivalent gating chargdsy about 47%
(Zoe.0 = 1.66 £0.161 = 6; 7,47, = 3.03+£0.82n =

. 7, P = 0.0021; Table). Additionally, th&(V) curve for
THE EFFECT OFEXTERNAL H™ ON THE pH 6.0 revealed decreasing conductance at voltages
VOLTAGE-DEPENDENT MEMBRANE CONDUCTANCE >+50 mV. Like at high external G4 or with spontane-

ously occurring inactivation, the decline in current or

Since the lens regions (core, cortex) are characterized byacroscopic conductance was not reflected by the in-
different pH (Bassnet & Duncan, 1985), the effect of stantaneous tail current amplitude recorded at the hold-
external protons on the gating of rCx46-hemichannelsng voltage (not showrtf. Fig. 1B-D). This observation
were examined. A change in the external pH from 7.7 toindicates that hemichannel inactivation became visible at
8.8 and to 6.6 did not significantly alter the current re- high external acidification.
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Fig. 3. Effect of external pH on voltage-dependent currents and conductance in the absence of spontaneously occurring ingkjtiCatioent(
relaxations were recorded at different pH as indicated. For clearer presentation only the current responses evoked by a voltage step to +70 r
given. B) Current-voltagel({V - V,.,)) relations obtained with pH 8.8k, 7.7 (J) and 6.0 @) in the bath solution are presente@) (Normalized

G(V) curves were determined for control bath solution at pH 7J7r{ = 7), pH 8.8 &, n = 4) and pH 6.6 ¥, n = 6). (D) NormalizedG(V)
curves were obtained for control bath solution at pH T/ 1f = 7; see also ¢and pH 6.0 @, n = 6). Data points irC andD were fitted with

a simple Boltzmann function (solid lines). To change the bath solution within less than 2 min, the perfusion rate was increased to 2 ml/min.

Table 1. Effect of OAG, external C& and H" on the voltage-dependent properties of rCx46-hemichannels

pH DMSO ca* OAG Vi z n Pvalue for P values for
[%0] [mm] [mwm] (mV] Vas z
8.8 — — — -309+ 75 3.17+£0.28 4 0.6562 0.7492
*7.7 — — — -285+ 8.8 3.03+£0.28 7 — —
6.6 — — — -26.1+ 10.1 2.58 £ 0.38 6 0.6485 0.2911
6.0 — — — -48+ 538 1.66 + 0.16 6 0.0002 0.0021
7.7 — 0.5 — 05+ 28 1.98 £0.19 4 0.0001 0.0359
7.7 — 1.0 — 51+ 48 2.22+£0.17 5 <0.0001 0.0582
*7.7 0.25 — — -22.3+ 10.1 2.56 + 0.30 10 — —
7.7 0.25 — 0.2 -16.1+ 6.7 2.45 = 0.50 10 0.1225 0.5696

Half-activation voltage¥/,,, and the number of equivalent gating chargesbtained upon fitting macroscopic conductance-voltage curves with a
simple Boltzmann function are used to describe the voltage-dependent steady-state activation of rCx46-hemichannels. To examine the signif
of the OAG-, C&* and H-effect, the parameters were statistically compared with those obtained under control condéamsterisk-labeled
rows; control for C&" and pH: upper-marked row; control for OAG: lower-marked row) by using an unpéirest P-value).

THE EFFeCT OF THEPROTEIN KINASE C ACTIVATOR conductance and induced a visible inactivation behavior
OAG ON THE VOLTAGE-DEPENDENT of the hemichannels when current inactivation did not
MEMBRANE CONDUCTANCE occur spontaneously (FigA$. Similar results were ob-

tained when rCx46-expressing oocytes were superfusec
Recently, Ngezahayo et al. (1998) reported that the prowith 1 nu TPA, a well-known PKC-activator (Fig.@).
tein-kinase-C activator OAG reduced the macroscopid.ike OAG (Fig. 4A), TPA decreased the current ampli-



44 B. Jedamzik et al.: Regulation of rCx46-Hemichannels

(A) +70mv ool B 4o | T I
OAG g {
()
o 05
0.0 —-
LA EN  d  t S At ¢
2 uA -50 0 50
< V[mV]
70
(C) +10mv control
TPA
1HA
2s

Fig. 4. Effect of OAG on the voltage-dependent activation and inactivation of rCx46-hemichameGuitent-relaxations were recorded after a
voltage step to +70 mV prior and 45 min after addition of 200 OAG to the bath as indicatedBY Normalized GY/) curves and the corresponding
fits with a simple Boltzmann function (solid lines) were determined in the absénce & 10) and in the presence of 2¢® OAG (l, n = 10).
(C) The current response to a voltage pulse of +70 mV prior and 25 min after additionvfTPA to the bath is shown. In this figure the bath
solutions contained 0.25% DMSO.

tude and caused inactivation in the absence of spontan@Ca. The hemichannels undergo inactivation at low ex-
ously occurring inactivation. To study whether the ternal pH or pCa or by PKC activation. Low external pH
OAG-induced current decrease is also based on a change pCa additionally stabilized the closed hemichannel
in the voltage-dependent steady-state activation of thetate. As a result, hemichannel activation required
hemichannels, th&(V) curves were determined in the higher depolarized potentials at high externaf Qar H"
absence and presence of OAG. As for the studies witltoncentration.

external C&" and protons, the control data were obtained  So far, the existence of active hemichannels in the
from oocytes which did not show current inactivation at native tissue was not considered because active connex
the test potential +70 mV in the presence of the correpns are thought to inevitably lead to cell death. How-
sponding control bath solution. FigurB4lustrates that ever, recent studies reported that hemichannels can be
the G(V) curves below +40 mV were similar in the ab- a|so activated in native tissues such as fiber cells of
sence and presence of OAG. However, G®) curve  mammalian lens, catfish and skate retina (DeVries &
for OAG-treated oocytes declined above +50 mV reveal-gchwarz, 1992; Malchow, Qian & Ripps, 1994; Eckert,
ing the OAG-induced inactivation of rCx46. Statistically ponaldson & Kistler, 1998). If opening/closing of hemi-
significant differences of the two parameterandVy,  channels can still occur in vivo, then the cell must have
between control condition with 0.25% DMSO and bath developed mechanisms to keep the hemichannel in the

solution containing 0.25% DMSO and 2Qtv OAG  (oseq state but the corresponding gap junction channel
were not found (Tqble). The_half—actlvatlon voltage and;, ihe open state. One potential regulator might be ex-
the number of equivalent gating charges were about -20, | c2+ The sensitivity of rCx46-hemichannels but

mf;/ e:ndf %EA,Gresp?ﬁtively. The re_sults ZUQ?eSt th_at tht"l:‘nsusceptibility of the rCx46-gap junction channels to
etiect o on e MAcroscopic conductance IS Notyy e rng) C4* in the physiological range (Fig. 2; Ebihara

based on a change in the voltage threshold for act|vat|on& Steiner, 1993) point to external €aas a very likely

candidate. Since the core and the cortex of the lens have
different pH (Bassnet & Duncan, 1985), external protons
Here, we showed that rCx46-hemichannels are differenmay also regulate the hemichannel activity. Indeed, we
tially regulated by activation of PKC, external pH or observed that low external pH influenced the voltage-

Discussion
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dependent steady-state activation of the rCx46-+els seems to be voltage-dependent because spontan
hemichannels in a similar way as externafCens did  ously occurring inactivation was only observed at volt-
(Figs. 2 and 3). However, the hemichannels were noages >+50 mV rather than at every hemichannel-
sensitive to physiological pH but only to nonphysiologi- activating voltage pulse (FigB). Since the inactivation
cal low pH (pH 6.0). Thus, external €arather than behavior was not reflected by the instantaneous tail cur-
external protons may regulate the rCx46-hemichannelgent amplitude during repolarization (FigB4D), the re-
in the native tissue keeping them in the closed channetovery from inactivation must occur faster (<2 msec)
state. than hemichannel deactivation. Further, we can con-
In addition, phosphorylation/dephosphorylation pro-clude that the hemichannels very likely pass the open
cesses are probably involved in controlling the rCx46-state in returning from the inactivated state to one of the
hemichannel activity (Fig. 4; Ngezahayo et al., 1998).¢|osed stated (— O — C) rather than enter directly from
The sensitivity of rCx46-connexons towards PKC inhi-| g (I = C).
bition (Ngezahayo et al., 1998) and PKC activation by Ejeyation of both, the external €aand H' concen-
the effectors OAG and TPA (Fig. 4) corresponds with theyation, altered the hemichannel gating in a similar man-
observation that rCx46 is a phosphoprotein (Berthoud eher. The voltage threshold for channel activation was

al., 1997). However, neither the phosphorylation sites inhitieq to depolarizing potentials resulting in a decrease
rCx46 nor the involved kinases have been yet identified;, hemichannel conductance (Figs. 2 and 3). Addition-

PKC- and protein-kinase-A-dependent phosphorylation,,y, hoth cations may influence the permeation of

f;treﬁ) ;vperoef ft(r)1léznl(<ja :12 t:gng:;;mglxuss(ﬁrr‘gn;néai Ilgtr:a(CBeélrL"er46-hemichannels. In comparison, external acidifica-
T " tion altered both permeation and gating of the rat skeletal
thoud et al., 1997). PKC-activation also caused a de- b gaing

. . . i l., 1997 ly th
crease in the Cx56-gap junction channel conductanc[gnUSCIe Na channel (Beitah et al., 1997) but only the

! . . ating of the cloned plant Kchannel KAT1 (Hedrich et
(Berthoud et al., 1994). Since the amino acid sequence
of rCx46 and Cx56 are highly homologous (62% iden- ., 1995). In contrast to exte_rnal Caand H PKC
. . . - . .~ dependent regulation of hemichannel activity was not
tity), rCx46 might contain phosphorylation sites equiva- :
lent to that of Cx56 related to a change in the voltage dependence of the

. . .__rCx46-hemichannel activation (Fig.B% Ebihara and
The rCx46-hemichannels activated upon depolarizal = . o
tion (Figs. 1-4; Ebihara & Steiner, 1993;1. Ebihzra andStemer (1993) suggested that the*Giduced shift in

Steiner (1993) suggested a sequential three-state mod\éfPItagg-dependent hemighannel aptivation may be _basec
consisting of two closed state€(andC,) and one open on an interaction of G4 with negatively charged amino

hemichannel stated)) to account for the dependence of acid residuei of rCx46. Because of the similarity be-
the activation time course on the holding voltage. WetWeen the ca and H" effect, external protons and €a
demonstrated that after hemichannel activation thd"@y interact with the same binding site at the channel
rCx46-connexons occasionally inactivated when theProtein. This site may bellocated in the external vesti-
highly depolarized voltagex+55 mV) was maintained pule of_ Fh_e pore bec:.;\use.lt would easily account fo_r the
for several seconds (FigB)L. Considering this observa- Nsensitivity of gap junction channe! to phyS|oI.og|caI
tion, we propose to extend the three-state model fronfoncentration of C& (about 2 nv; Ebihara & Steiner,
Ebihara and Steiner (1993) to a kinetic scheme with af993). Then, the tight coupling of opposed hemichan-
least four different channel states as given by the follow-N€ls would abolish the free access of externalatd

ing state diagram: Cé&* to the binding site.
In addition, the PKC-activators TPA and OAG, a
slow high external C& or H" concentration induced inacti-
C,-Co0O0 o | vation of the rCx46-hemichannel. In contrast to the ex-
fast  very fast tracellular C&* or H* effect on the voltage-dependent

activation éeeparagraph above; Figs. 2 and 3), the volt-
whereC,; andC, are the closed states (Ebihara & Steiner,age dependence of the inactivation, however, seems to be
1993), O is the open state, anldrepresents the inacti- unaltered. The spontaneously occurring inactivation
vated state. The probability that the hemichannels entefFig. 1B) as well as the Cd-, H*-, TPA- and OAG-
the open or the inactivated state increases with depolainduced inactivation (Figs. 2—4) always became visible
ization. In contrast, the closed states are stabilized atbove +50 mV. Recent studies on the Cx43-formed
hyperpolarized voltages. As a result, the hemichannelgap junction channel provided evidence that the C-
return from the open or the inactivated state to the closederminus of the Cx43 likely plugs the permeation path-
state upon repolarization. The fast rise of the outwardvay causing the closure of the gap junction channels at
current at e.g., +70 mV reflects the rapid transition froma low intracellular pH (Ek-Vitorin et al., 1996; Morley et
the closed state€ to the open stat® while the suc- al., 1996). In similarity, the N-type inactivation of the
ceeding current decay describes the slow transition fronvoltage-gate@hakempotassium channels is based on the
O to I (Fig. 1B). The inactivation of rCx46 hemichan- N-terminus that voltage independently moves into the
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open pore of the potassium channel and blocks it (HoshiI,Ebihara, L., Steiner, E. 1993. Properties of a nonjunctional current

Zagotta & Aldrich, 1990). Considering the fast recovery expre_ssed from a rat connexin46 cDNAXenopumocytes.J. Gen.

from rCx46-hemichannel inactivation, it can be specu- Physiol- 10259-74

lated that the inactivation of rCx46-connexons may beEb”(‘:arav L., gg’thod“‘é V-M-v,B4eg’e" E.C. %995i DriS“”Ctl beha":)or of
. onnexin an onnexin ap junctional channels can be pre-

relat.ed to a Comparab.le mechanism such as the .C_ dicted from the behavior of tﬁei? Jhemi-gap-junctional channeFIJs.

termmus—qausgd o_cclusnon o_f the channel pore. The in- Biophys. J.68:1796-1803

complete Inactivation beha\{lor Qf r¢X46'hem|ChannEIsEckert, R., Donaldson, P.J., Kistler, J. 1998. Gap junction hemichan-

and the fast recovery from inactivation would reflect a s in fiber cells of the mammalian lensi: Gap Junctions, R.

low affinity between the C-terminal inactivation ball and  werner, editor. pp. 168-172. 10S Press Amsterdam, Berlin, Ox-

the receptor near the pore. As previously shown for the ford, Tokyo, Washington, DC

Shakerchannels (Hoshi et al., 1990; Toro et al., 1994),Ek, J.F., Delmar, M.M., Perzova, R., Taffet, S.M. 1994. Role of his-

the affinity between the ball and the receptor depends on tidine 95 on pH gating of the cardiac gap junction protein con-

their electrostatic attraction. Phosphorylation of the nexin43.Circ. Res.74:1058-1064

rCx46-hemichannel, external €aor H" could directly ~ Ek-Vitorin, J., Calero, G., Morley, G.E., Coombs, W., Taffet, S.M.,

or indirectly increase the electrostatic attraction between Delmar, M. 1996. pH regulation of connexin43: molecular analysis

the C-terminal inactivation ball and its receptor, and in  °f the gating particleBiophys. J.71:1273-1284

turn potentiate the inactivation behavior of rCx46- GUP®. V.K., Berthoud, V.M., Atl, N., Jarillo, J.A., Bario, L.C.,
hemichannels Beyer, E.C. 1994. Bovine Connexin44, a lens gap junction protein:

. . . molecular cloning, immunologic characterization, and functional
In furt_her studies, mole(_:ular b|olog|cal and electro- expressioninv. Ophthalmol. Vis. ScB5:3747-3758

phySI_OIOglcal approac_hes will be Comb_med,to reveal theHedrich, R., Moran, O., Conti, F., Busch, H., Becker, D., Gambale, F.,

putative phosphorylation and protonation sites of rCx46  preyer, I., Kuch, A., Neuwinger, K., Palme, K. 1995. Inward rec-

and the molecular mechanisms of hemichannel inactiva- tifier potassium channels in plants differ from their animal coun-
tion. The implication of the C-terminus in rCx46- terparts in response to voltage and channel modulafusop.

hemichannel inactivation will be thoroughly examined.  Biophys. J24:107-115
Hoshi, T., Zagotta, W.N., Aldrich, R.W. 1990. Biophysical and mo-
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