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Abstract. The organ of Corti has been found to have Key words: Voltage dependence — Gap junction —
multiple gap junction subunits, connexins, which are lo-Hybrid coupling — Supporting cell — Inner ear —
calized solely in nonsensory supporting cells. ConnexirHearing loss

mutations can induce sensorineural deafness. However,

the characteristics and functions of inner ear gap junc- ]

tions are not well known. In the present study, the volt-Introduction

age-dependence of gap junctional conductar@g ia _ _ _ _

cochlear supporting cells was examined by the doubléonnexins, the basic protein subunits of vertebrate gap
voltage clamp technique. Multiple types of asymmetricjunction channels, derive from a homologous gene fam-
voltage dependencies were found for both nonjunctionally. More than 15 connexin genes have been cloned.
membrane voltageV(,) and transjunctional{) voltage. ~ Gap junctions comprised of different members of the
Responses for each type of voltage dependence wefonnexin family have differing voltage gating properties
categorized into four groups. The first two groups €ither to transjunctional voltag®;) or to membrane po-
showed rectification that was polarity dependent. Thetential (v, or Vi;) (seereviews: Bennett et al., 1991;
third group exhibited rectification with either voltage po- Dahl, 1996; Kumar & Gilula, 1996). Each gap junction
larity, i.e., these cells possessed a bell-shaPel, or ~ channel is composed of two hemichannels (connexons)
G-V, function. The rectification due t¥; had fast and and each hemichannel is composed of six connexin sub-
slow components. On the other haij-dependent gat- units (Perkins et al., 1997). A homotypic channel con-
ing was fast (<5 msec), but stable. Fina”y, a group Wa§iStS of two identical connexons and has Symmetric volt-
found that evidenced no voltage dependence, althoughge gating on either side owing to its symmetric struc-
the absence o, dependence did not precludg, de- ture. A heterotypic channel is formed by two different
pendence and vice versa. In fact, for all grovpsen- ~ connexons and its voltage gating can be asymmetrical
sitivity could be independent of., sensitivity. The data Owing to its asymmetrical constitution (Barrio et al.,
show that most gap junctional channels in the inner eat991; Rubin et al., 1992 Verselis et al., 1994; White et
have asymmetric voltage gating, which is indicative ofal., 1994). A heteromeric channel possesses hemichan-
heterogeneous coupling and may result from heterotypi@G'S formed by different connexin subunits and little is
channels or possibly heteromeric configurations. Thisknown about its voltage gating (Brink et al., 1997; Lee &
heterogeneous coupling implies that single connexirRhee, 1998).

gene mutations may affect the normal physiological ~ Physiological and anatomical evidence for gap junc-

function of gap junctions that are not limited to homo- tional coupling among the supporting cells of Corti's
typic configurations. organ has been obtained both in vivo and in vitro

(Jahnke, 1975; Gulley & Reese, 1976; lurato et al., 1976;

Hama & Saito, 1977; Santos-Sacchi & Dallos, 1983;
* Present addressDepartment of Otorhinolaryngology and Commu- Santos-Sacchi, 1987; Zwislocki et al., 1992; Kikuchi et-
nicative Science NA 500, Baylor College of Medicine, Houston Texasal" 1995; Forg.e etal, 1997.; Zhao & SamO.S_SaCChI’
77030, USA 1998). Connexin 26 (Cx26) is extensively distributed

among cochlear nonsensory cells, including the support-
Correspondence tal. Santos-Sacchi ing cells of Corti’s organ (Kikuchi et al., 1995; Forge et
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al., 1997), More recently, Lautermann et al. (]_998) re-cell 2 caused by the test voltage in cell R, is the nonjunctional
ported that cochlear supporting cells also contained Cx3@¢mbrane resistance of cell 2, whégevas measured (FigA). Itis
and Cx43; moreover, Cx30 was extensively expressed jf{e2" from recent work that in cases wdg is greater than 5000,

I ! . dominates errors in junctional estimates (Van Rijen et al., 1998), and
a pe_lttern Slm_llar to that Of_CXZ_G' Ultras_tructural, immu- is readily corrected for. Our residual series resistance is quite small and
nohistochemical and physiological studies have found NQaple, and membrane resistance is typically greater thaft Isee
evidence indicating that sensory cells (inner and outebelow. Furthermore, cell pairs that h&j greater than 20 nS were not
hair cells) have gap junctions. However, mutations ofincluded in the data analysis. Data collection and analysis were per-
connexin genes, for examplésJBZ which encodes formed with an in-house developed Window's based whole-cell volt-

Cx26, have been identified in association with a highage clamp progranjClamp (http://www.med.yale.edu/surgery/otolar/
antos/jclamp.html), utilizing a Digidata 1200 board (Axon, Foster

incidence of nonsyndromlc sensorineural . d.eafnes%ty, CA.) All experiments were tape recorded and performed at room
(Kelsell et al., 1997; Denoyelle et al., 1998; Estivill et al., temperature.

1998; Xia et al., 1998). Little is known about the mecha- To limit interference from nonjunctional voltage-dependent ionic
nism by which such a mutation may cause deafness. Teurrents, cells were continuously perfused by an extracellular ionic
some extent, the lack of a complete characterization oblocking solution that was composed of (inuin NaCl 100, TEA 20,

the biophysical properties of inner ear gap junctions lim-CsCl 20, CoC} 1.25, MgC}, 1.48, HEPES 10, pH 7.2 and osmolarity
its our understanding. 300 mOsm (Santos-Sacchi, 1991; Zhao & Santos-Sacchi, 1998). Patch

. . e . ipettes were filled with an intracellular solution that contained (in
Inner ear gap junctions .Can be mOd'f'ed by a V".’“.'e.tym): 140 CsCl, 5 EGTA, 2 MgG| and 10 HEPES, pH 7.2. After(
of treatments, such as alte”ng the intracellular aC“V'_t'esblocking nonjunctional voltage dependent ionic channels, Hensen cells
of Ca™ and H', temperature and membrane tensionhad lineai-V relationships and high membrane resistanBes<(1 6(2)
(Santos-Sacchi, 1985, 1986, 1991; Sato & Santos¢Fig. 1C).
Sacchi, 1994; Zhao & Santos-Sacchi, 1998)_ In the pres- Patch pipettes (Borosilicate Glass, MTW150-4, World Precision,
ent report, the effects of voltage on inner ear gap juncfL) were pulled by a laser, based pipette puller (P-2000, Sutter, CA).
tions were explored by a double voltage clamp tech—A pair of pulled pipettes was used in each double voltage-clamp re-

. Th incioal findi is that hi ti cording to promote symmetrical recording conditions. Pipettes had ini-
nique. € principal finding 1S that cochiea suppor Ingtial resistance of 2.5-3.6() in bath solution. After whole cell con-

cells display a variety of voltage dependencies, typ'ﬂedﬁguration was established, the residual series resistance of the electrode
by asymmetrical rectification. The variety of asymmetri- was in a range of 3.9-9:8Q, which was measured by the peak of the
cal voltage gating is indicative of complex heterotypic uncompensated whole cell capacitance current (Huang & Santos-
and/or heteromeric coupling. This heterogeneous couSacchi, 1993) as both cells were simultaneously stimulated by an iden-
pling implies that single connexin gene mutations r.naytical test pulse.R; was stable and was 6.09 + 0.@@ and 6.23 + 0.34
affect the normal physiological function of gap junctions M (mean xsE, n = 64) before and after experiments, respectively.

h limited h . fi . In 11 cell pairs R was further validated after one cell of the cell pairs
that are not limited to homotypic configurations. was broken or pulled away by an electrode so fRatould be un-

Preliminary accounts of this work have been pre-equivocally determined under single whole cell configuration. The
sented (Zhao & Santos-Sacchi, 1997, 1999). measuredR, was 6.17 + 0.624Q) consistent with those values which
were determined under double voltage-clamp configuration.

Materials and Methods

Results
The guinea pig’s organ of Corti was freshly isolated and subsequently

dissociated by shaking for 5-15 min in nominally“Cdree Leibovitz . . . .
medium containing 1 mg/ml of trypsin. The dissociated cells were G@P junctions in Hensen cells had asymmetric responses

transferred into a recording chamber. Hensen cells are distinguishab® POsitive and negative transjunctional voltag&).(

by their bright lipid vacuoles under Hoffman optics (Fig)1 A clas-  Macroscopic transjunctional currents were both time and
sical double voltage-clamp technique was used to measure transjungoltage dependent (Fig. 1), and consequently, nonlinear
tional conductanced;). Each cell in a Hensen cell pair was separately Ij'Vj relationships were obtained at voltage onset and

voltage-clamped using an Axopatch 200A and 2008 (Axon, CA) (Fid. gieaqy stateG—V; relations could be classified into
1A). Test voltages were applied to one cell (cell 1) and transjunctional [~

current (;) was measured in the adjacent cell (cell 2). To accuratelyfour groups, m,CIUdmg one with no apparent VO_It"?‘ge'
obtain Gi-voltage relations, calculations were made with corrections_depe_ndence (FIQD_- Th_e purpose of our categorizing
for electrode access resistan&)(and nonjunctional membrane resis- junctional (and nonjunctionalsee below voltage de-

tance R,) (Neyton & Trautmann, 1985): pendencies was to simplify our dealings with the data,
emphasize the diversity of response, and make some
Vi = Ve = Vez = (AliRq = Al:RY) (M comparisons to published data.
Ry Two basic asymmetricali-dependencies were iden-
" —AI2<1—@) tified which showed opposite polarity sensitivities. The

G :\%‘ vV, @) one whose conductance increased/ag/as made posi-
! ! tive (Fig. 24) is similar to that obtained from heterotypic
WhereV,, andV,, are the clamp voltages applied to cell 1 and cell 2, Channels containing Cx26 components (Barrio et al.,

respectivelyAl, andAl, are the holding current changes in cell 1 and 1991; Rubin et al., 1992b; Verselis et al., 1994; Dahl et
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cell 1). An example is shown in Fig. 3. When cell 1 of
the pair was stepped to positive potentials, while holding
cell 2 constant, steady-state transjunctional conductance,
Gjss decreased. On the other hand, when cell 2 was
stepped to negative potential§,,s decreased. Unlike
the asymmetry o5, Gj, was insensitive td/; gradi-
ents. These data illustrate that the asymmetric response
to V; in this cell pair resulted from a junctional conduc-
tance decrease only when cell 1 was depolarized, a clear
transjunctional effect, and not due to possible asymmet-
ric recording conditions. Furthermore, the conductance
-150 -100 -50 50 100 150 plots are nearly mirror images of each other, indicating
V; (mV) an absence 0¥, contribution in this case. Thi¥,, in-
sensitivity was independently verified by direct measures
(see below
To rule out fast gating effects, we determined the
0271 _(nA) ratio of GidG, in all cells that showed/; dependence
C single HC (Fig. 2 A—C). From these cells we found indications of
0.1 1 slow (steady state) rectification in 9 out of the 28 cell
pairs (Fig. 4). The ratio shows no voltage dependence
' : ' : : | until positiveV; values are reached, whereupon the ratio
200 150 -100 o 50 100 falls. This type of behavior strongly indicated that
Vi (MV) Hensen cells have heterotypic gap junctions, such as
those containing Cx26 subunits as observed in oocyte
021 pairs (Barrio et al., 1991; Rubin et al., 1998; Verselis
et al., 1994; Dahl et al., 1996).
Fig. 1. (A) Schematic drawing and video-captured image illustrate the Interestingly, Hensen cells demonstrate rapid volt-
double voltage-clamp re_c_ording in a Hensen cell pair. Scale bar is ZQ_)_ge sensitivity of gap junctional coupling with tl'\q
wm. Both cells were initially voltage-clamped at -40 m\/J was protocol (Figs. 1 and 2)V.—G; functions obtained from
produced by 2 sec voltage stepé.) applied to cell 1 in 20 mV ) I . .
increments from —150 to +70 mV and ceIIXZcQ continuously held at onset currents dlsplayed the same asymmetrlcal behaV|or
-40 mV; the change iV, is equal to +110 mV. Depolarization of the as steady state functions. In fact, in some cell pairs, no
stepped cell corresponds to positVeand produces a downward cur- Slow \/j-sensitive gating was observed, and it should be
rentin cell 2 (,). (B) Transjunctional currents in responsé\,{;cstimu- noted that nonlinear onset responses such as these m|ght

lation were obtained from a Hensen cell pair. Initial and steady-stateresun not only fromV; sensitivity, but also fromV
transjunctional currentd;f were measured at onset (5 msec) and end (2 itivity. This is f tjh . tigated bel m
sec) of voltage steps and are represented by solid circles and squaré%?nSI vity. IS 1S Tur ,er investigate . elow.
respectively. Initial; as well as steady-stalgincreased nonlinearly for Vn-dependent gating was found in most (29/45)

Vjs greater than +50 mV. The dotted line indicates a conductance of 5.Hensen cell pairs (Figs. 5 and 6). In Fig.G, changes
nS. €) Typical example of membrane curreni) of single isolated  occurred within 5 msec or less after alterig, and
_He_nsen ceI_I asafur_lction of membrane_potenk?qp(obtained_with the  remained stable for the full recording period. Slvy-
ionic blocking solutions u_sed for _coupllng studiee¢Materials and dependent gap junction gating was never detected in
Methogls).. Membrane resistance is greater thaf)land thel ,, — V,, Hensen cells. However, we only explored time periods
curve is linear. : !
up to 5 sec.

As with theV; dependent conductance dag, de-
al., 1996). The other had a conductance that decreasgzendent junctional sensitivities could be categorized into
with positiveV; but changed less with negative (Figs.  four groups, including one that showed no dependence
1 and B). The last group evidenced a slightly asymmet- (Fig. 6). One group showed a decrease in coupling upon
ric bell-shapedG-V, relationship (Fig. £). While V,—  depolarization, while another showed the opposite effect
inducedG; changes typically ranged between 40-50%, in(Fig. 6 A and B). The third group demonstrated a bell
some cases5; decreased below 20%; this variability shapedG-V,, function (Fig. &).
probably reflects the heterogeneity of the channel popu-  V,, gating was independent &-gating. This is il-
lation. lustrated in Fig. 7, where comparisons betwggandV,,

In most cell pairs, th&/; asymmetry was character- dependence are made within the same cell pairs. Figure
ized by alternating the stimulus configuration, such that7A shows data from a cell pair that lack®¥gdependent
transjunctional conductance was measured in both diregating; neitheiG,, nor G showedV, sensitivity. How-
tions between a cell pair (cell L. cell 2 and cell 2 ever,G,, decreased with cell depolarization. In another

01+
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V. (mV) V. (mV) Fig. 2. Gap junctional coupling of Hensen cells
! ! presented differing voltage sensitivities fdr
C 12 D 12 stimulation. Initial transjunctional conductance
- — (Gjo) and steady state conductan€®() were
O 10 %if iii (D 1.0 FEoxx 4 2=xdF normalized to the mean conductance at the
© * © average oV, at £10 mV.G; (mean *sg n = 28)
E 0.8 I E 0.8 ] [
= = was 11.8 + 1.31 nS. Cell pairs that h& greater
S os n=s S os n=5 than 20 nS were not included. Holding potential
0. PR L 0.4 L L was —40 mV. Error bar represersds
-150-100 -50 0 50 100 150 -150-100 -50 0 50 100 150
V, (mV) V; (mV)
Fig. 3.V, applied to either cell in the same cell
A - B NN pair identified rectifiedv;-dependence. Positivé
cell 1 cell 2 cell 1 \\{)@1 cell 2 polarity corresponds to depolarization in the
N = stepped cell.4) Cell 1 was held and cell 2 was
1 1.1 voltage-stepped. Rectification occurred at negative
" 1.0 M ¢ 10 M V,, i.e., during cell 2 hyperpolarizationBY
_. 09 . Voltage steps were delivered to cell 1 while cell 2
T 58 c 09 voltage was held constant. At positi (cell 1
§ 07 g 0.8 depolarized) G;s; decreased. In this cell paiG;s,
<23 ' —e— Gy <23 07 always rectified at relatively positive polarity &
0.6 —o— G ‘ referring to cell 1. For each case onset
0.5 0.6 conductance was fairly stable across voltage. The
-150 -100 -50 0 50 100 150 -150-100 -50 0 50 100 150 transjunctional conductance in this cell pair was
about 13 nSR,; = 4.3Mm0, R, = 4.9mQ, Ry,
Vi (mV) Vi (mV) = 1591mQ, andR_, = 962MQ.
cell pair the opposite behavior is illustrated (Fig3)7 150
In this case, transjunctional conductance exhibited an .|
asymmetricV;-dependence, but was insensitive \g, o
Additionally, slow V;-sensitive gating was undetectable O
. . . . . w
sinceGjss mirrored Gjq; this further indicates that only a o.'a
pure fastVj-dependent gating is present. o 075}
o
2 osol
Discussion o
0.25 -
Thg most p_ronounced property pf gap junptiqnal \_/oltage 00 , | , \ |
gating within cochlear supporting cells is its diverse -150  -100  -50 0 50 100 150
asymmetry. This asymmetric gating is likely indicative V. (mV)
of asymmetric channel structure within each cell, i.e., j
heterotypic and/or heteromeric junctional channels. Evi-_ 4 Ratio ofG.. -G ini ow-depend o
dence is mounting that nonsyndromic deafness is assd:d 4 Ratio 0fGsGyo indicates slow;-dependent gating in response

ciated with connexin gene mutations, such as Cx2
(Kelsell et al., 1997; Denoyelle et al., 1998;

Estivill et al.,

0 V; stimulation. Each symbol and line represents a cell pair.

1998; Xia et al., 1998). While a variety of connexin mutations can not be rescued by other coexisting con-
types are present in supporting cells (Lautermann et alpexins. Our data provide evidence for the occurrence of
1998), functional impairments induced by single genehybrid gap junction channels in cochlea supporting cells,
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A ______ ing cells (Lautermann et al., 1998). In the paired oocyte
v, & = = |, gi:ig fgzg]jg’ expression system, Cx26 can form heterotypic gap junc-
' tion channels with Cx30 (Dahl et al., 1996). The voltage

)

vV, El= S ¢ gating of this heterotypic channel demonstrates remark-
_J@;gw able differences from those of the corresponding homo-
Ty — omv typic channels (Jarillo et al., 1995; Dahl et al., 1996).
B 55 One of the most distinguishable properties of this het-
erotypic channel is its slow;-dependent gating, rectify-
50 - ing with positiveV; on the Cx30 side of the junction
) 45 (Dahl et al., 1996). It is likely that this type of hetero-
£ typic channel exists in the organ of Corti, since we find
@-5 40 - . similar gating characteristics in cochlear supporting cells
a5 i (Figs. 1, 3 and 4).
M However, in addition to characteristics that are
30 . . : : ‘ found in known heterotypic channels, we observed prop-
-1%0 100 -50 0 S0 100 erties that are atypical, possibly indicating the existence
VvV, (mV) of heteromeric channels. Although few physiological
C studies have suggested the existence of heteromeric
55 — channels (Brink et al., 1997; Lee & Rhee, 1998), bio-
; chemical analyses clearly reveal their presence (Stauffer,
o O & 1995; Jiang & Goodenough, 1996; Brink et al., 1997).
£ In our experiments, several observed gating properties
X might arise from heteromeric channel behavior. First,
o a0 the existence of fast asymmetkigdependent gating that
is distinct from slowV;-dependent gating an¥,-
" | | | | | dependent gating (Figs. 2 andB)7is inconsistent with
150 -100 50 0 50 100 behaviors of known heterotypic and homotypic channels

V_(mV) (Rubin et al., 1992,p;VerseIis QF e_ll_., 1994). Second, the
m occurrence of multipl&/,-sensitivities found in coupled
Fig. 5. Gap junction channels in Hensen cells are sensitive to mem-Hensen cells is unusual. While a depOIarizaﬁon'induced
brane potential \(,, or V,_,). A Voltage protocols. Both cells were increase in conductance (as in Figd)6has been ob-
simultaneously stimulated with voltage steps,(andV,,) from =130 served in oocyte preparations of vertebrate Cx26 con-
to +70 mV in 40 mV increments, faa 5 sec duration. A test pulse (10 nexins (Rubin et al., 1992h), decreases in conductance,
mV, 10 msec) was superimposed on cell 1 at different times to elicitaS in Fig. @, are only seen in insect preparations (Obaid

transjunctional current. For clarity, the full length of waveforms is not . . ]
shown. Example current traces at different membrane potentials argt al., 1983; Verselis etal., 1991; Bukauskas et al., 1992).

zeroed and superimpose@ 4ndC) V,-dependent transjunctional con- B€ll-shapedv,,, dependencies (Fig @ have never been
ductance G,,,) at different times is plotteds,, of the cell pair in panel ~ previously reported. Finally, the independence\gf
B increased as the cells were depolarized, whereas in (@@}, andV; gating within the same cell pair is unique (Fig. 7).
decreased as the cells depolarized. Despite the opposite polarity dEonsidering this evidence and the high probability of
pendence of the two coupled paify, remained stable throughout the heteromeric connexon formation within supporting cells
recording period. (since at least Cx26, 30 and 43 are coexpressed), hetero-
meric channels likely exist in inner ear gap junctions.
and indicate that single gene mutations will impair more  Although contrary evidence initially existed (Spray
than just those channels destined to be homotypic. Iret al., 1984, 1986; Riverdin & Weingart, 1988), it is
heterotypic or heteromeric channels, the presence or alzurrently accepted that vertebrate gap junctions are gated
sence of a single subunit type can have dramatic effectby voltage, eithelV; or V,,, (Moreno et al. 1991; 1992;
on junctional voltage dependence (Dahl et al., 1996Kumar & Gilula, 1996). Interestingly, although most
Brink et al., 1997; He et al., 1999; Li & Simard, 1999) Hensen cells present voltage-gated junctional conduc-
and possibly other gating characteristics (Lee & Rheetances, we find an absence of voltage dependence, either
1998). Thus, the potentially pervasive influence oftoV; orV,, in a large proportion of Hensen cells. While
single connexin gene mutations on diverse gap junctiorthis might be expected for coupling derived from cyto-
channel types may contribute to its devastating effects oplasmic bridges between cells, we typically find that
hearing. This indicates, as well, that the diversity of Hensen cell coupling is sensitive to agents that uncouple
channel types is important for cochlea function. gap junctions, e.g., octanol or low pH (Santos-Sacchi,
Cx26 and Cx30 are colocalized in cochlear support-1985; 1991; Sato & Santos-Sacchi, 1994). It should also
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be noted that we have used techniquseeaterials and (A
Methods) that enable us to accurately deliver voltage an
assess its delivery to the cells, so that we can be sure that
voltage-clamp problems are minimized. The voltage-
gating properties of homotypic and heterotypic channels
comprised of connexins identified in supporting cells
(Cx26, 30 and 43) show clear voltage depen-
dence. Channels derived from Cx26 and 30 exhibit
markedV;-dependence, whereas homotypic channels de-
rived from Cx43 exhibit weak steady-state voltage de- ‘ l
pendence (Moreno et al., 1992; Veenstra et al., 1992; -100 0 100
Miyoshi et al., 1996). In the inner ear, the expression of [-140] [-40] [60]
Cx43 in cochlear supporting cells was described as rela-

tively weak (Lautermann et al., 1998). Indeed, Forge et V; (mV) [V, (mV)]

al. (1997) did not detect Cx43 antibody labeling in the

supporting cell region in gerbil and guinea pig cochlea.

Thus, the lack of voltage dependence in many supportin

cells is possibly due to either the summed opposed char- 14 -
acteristics of the channel populations found in the cell
pair or due to heteromeric configurations. Voltage sen-
sitivity may be modulated by allosteric interactions be-
tween opposing connexons (White et al., 1894t may
also be that voltage sensitivity can be modulated by het-
eromeric interactions within a connexon.

It is well established tha¥, -sensitive gating occurs 06 -
in invertebrate gap junctions (Obaid et al., 1983; Verselis * l '
et al., 1991; Bukauskas et al., 1992). Only recently, -100 0 100
however, ha¥/, -dependence been documented in verte- [-140] [-40] [60]
brate gap junctions either in natural tissues (Verselis et
al., 1993) or in the paired oocyte expression system (Bar- VJ (mV) [V, (mV)]
rio et al., 1991, 1997; Rubin et al., 192White et al., ] ) )

1994; Jarillo et al., 1995). The conductance of channeld '9: 7- Voltage-dependent Hensen cell coupling shows indepengent
. . ._ .. andV,, sensitivities. ) In the same cell pairy,, depolarization re-

poss_essmg Cx30 and _43 decreases W'Fh ,depmarlza‘tlod'bced junctional conductance Byjtwas without effect. B) In this cell

(White et al., 1998; Jarillo et al., 1995), similar to what pair the sensitivity is reversed. Coupling was sensitivé, tetimulation

we observed in Hensen cells. W, dependent conduc- but insensitive td/,, (or V;_,). Note that this pair had fast-dependent
tance also arises when channels possess either Cx26 gating, but no slowv;-dependent gating.
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45; however, conductance increases upon depolarization connexins 26 and 32 alone and in combination are differently af-
(Barrio et al., 1991, 1997; Rubin et al., 1392 Some fected by applied voltageProc. Natl. Acad. Sci. US&8:8410—
Hensen cell pairs have similar gating characteristics toBenn“elt:‘M V.L.. Barrio, L.C., Bargiello, T.A., Spray, D.C., Hertzberg
that of Cx26 and 45 (.FlgS'EBand 60‘) _However’ while . E., Saez, J.C. 1991. Gap junctions: New tools, new answers, new
the voltage sensitivity expressed in Hensen cells is g estionsNeuron6:305-320
greater tha_n that of Cx26, it is quite S|m||?-r to that Qf Bergoffen, J., Scherer, S.S., Wang, S., Scott, M.O., Bone, L.J., Paul,
Cx45 (Barrio et al., 1997). Whether Cx45 is present in  D.L., Chen, K., Lensch, M.W., Chance, P.F., Fischbeck, K.H. 1993.
the inner ear remains to be seen; nevertheless, mutation Connexin mutations in X-linked Charcot-Marie-Tooth dise&e:
studies indicate that connexins other than those already €nce262:2039-2042
identified histochemically also exissée beloy Brink, P.R. 1996. Gap junction channel gating and permselectivity:
Hensen cells. in vivo. are bathed in different media Their roles in coordinated tissue functio@lin. Exp. Pharmacol.

. . . Physiol.23:1041-1046
end0|ymph (hlgh R and +80 mV) aplcally and peri- Brink, P.R., Cronin, K., Banach, K., Peterson, E., Westphale, E.M.,

lymph (low K" and 0-10 mV) basally. They contribute Seul, K.H., Ramanan, S.V., Beyer, E.C. 1997. Evidence for het-
to a barrier against ionic diffusion from the endolymph to  eromeric gap junction channels formed from rat connexin43 and
perilymph caused by the gradients of ions and voltage. human connexin37Am. J. Physiol273:C1386-C1396
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