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abstract

 

Connexins oligomerize to form intercellular channels that gate in response to voltage and chemical
agents such as divalent cations. Historically, these are believed to be two independent processes. Here, data for
human connexin37 (hCx37) hemichannels indicate that voltage gating can be explained as block/unblock
without the necessity for an independent voltage gate. hCx37 hemichannels closed at negative potentials and
opened in a time-dependent fashion at positive potentials. In the absence of polyvalent cations, however, the
channels were open at relatively negative potentials, passing current linearly with respect to voltage. Current at
negative potentials could be inhibited in a concentration-dependent manner by the addition of polyvalent cations
to the bathing solution. Inhibition could be explained as voltage-dependent block of hCx37, with the field acting
directly on polyvalent cations, driving them through the pore to an intracellular site. At positive potentials, in the
presence of polyvalent cations, the field favored polyvalent efflux from the intracellular blocking site, allowing
current flow. The rate of appearance of current depended on the species and valence of the polyvalent cation in
the bathing solution. The rate of current decay upon repolarization depended on the concentration of polyvalent
cations in the bathing solution, consistent with deactivation by polyvalent block, and was rapid (time constants of
tens of milliseconds), implying a high local concentration of polyvalents in or near the channel pore. Sustained
depolarization slowed deactivation in a flux-dependent, voltage- and time-independent fashion. The model for
hCx37 voltage gating as polyvalent block/unblock can be expanded to account for observations in the literature
regarding hCx37 gap junction channel behavior.
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I N T R O D U C T I O N

 

In vertebrate cells, direct cytoplasmic coupling is achieved
through gap junction channels. These channels, oligo-
mers of connexin proteins, are permeable to a wide
variety of ions, nutrients, and second messenger mole-
cules as large as 1 kD (Schwarzmann et al., 1981; Ima-
naga et al., 1987). Within a cell, connexins assemble to
form hexameric connexons or hemichannels, with the
subunits arranged symmetrically around a large, cen-
tral pore. Once in the plasma membrane, hemichan-
nels dock with connexin hemichannels in the plasma
membranes of closely apposed cells to form dodecameric
gap junction channels (for review see Saez et al., 2003).
Connexin hemichannels must exist at least transiently
in the plasma membrane of cells before they pair with
another connexon to form a gap junction channel.
Given that hemichannels have large single channel
conductances and are permeable to large solutes, it is
imperative that their opening be tightly regulated, i.e.,
hemichannels must be closed when they are unpaired,

but open when they are paired so that cytoplasmic cou-
pling may be achieved.

There are many ways in which opening of connexin
channels is regulated. Gating of gap junctions by the
action of Ca

 

2

 

�

 

 has been established for decades (for
review see Peracchia, 2004). More recent reports also
suggest a role for Mg

 

2

 

�

 

 (Ramanan et al., 1999; Banach
et al., 2000; Ebihara et al., 2003) as well as polyamines
(Musa and Veenstra, 2003) in connexin channel gating.
One feature common to all vertebrate gap junctions
studied under voltage clamp is sensitivity to the trans-
junctional voltage difference between two coupled cells
(for review see Harris, 2001). If two coupled cells are
isopotential, the gap junctional conductance is maximal.
Upon depolarization or hyperpolarization of one cell
relative to the other, conductance initially remains the
same, but over time decreases to a smaller, steady-state
value. Unpaired connexin hemichannels also are gated
by voltage, typically opening only upon depolarization
(e.g., Ebihara and Steiner, 1993; Gupta et al., 1994;
Pfahnl et al., 1997; Gomez-Hernandez et al., 2003).
This process is not completely understood, since no
putative voltage sensing region, like the canonical S4
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segments of voltage-gated cation channels, is present in
any of the 20 human connexin sequences identified.
Mutations in disparate regions including the cytoplas-
mic NH

 

2

 

 (Kumari et al., 2000; Oh et al., 2000; Purnick
et al., 2000b) and COOH termini (Revilla et al., 1999;
Anumonwo et al., 2001) as well as in extracellular loop
regions important for docking between hemichannels
(Oh et al., 2000) and pore lining residues (Kumari et
al., 2001) have all been shown to affect the voltage sen-
sitivity of the junctional conductance. Furthermore,
many gap junction proteins such as human connexin37
(hCx37), the focus of this study, are expressed in non-
excitable tissues, where they are unlikely to experience
a transjunctional voltage gradient under physiological
conditions.

We report here the formation of functional hCx37
hemichannels, exogenously expressed in 

 

Xenopus lae-
vis

 

 oocytes. hCx37 hemichannels were sensitive to
voltage, closing at potentials negative to 

 

�

 

40 mV.
Polyvalent cations were required for channel closure
and affected the activation kinetics at positive poten-
tials. We propose a model for connexin hemichannel
gating based on voltage-dependent block of the chan-
nels by polyvalent cations. This model, which com-
bines the previously studied aspects of divalent cation
and voltage gating into a common process, in which
voltage gating arises from electrostatic modulation of
polyvalent cation binding sites that are located on the
cytoplasmic side of the voltage field, is sufficient to ac-
count for a wide range of hemichannel behavior and
hCx37 gap junction channel gating observations in
the literature. The model derives from elements of
voltage-dependent block first characterized in narrow
pores in which block is complete and rapid, modified
to account for the fact that, in large pores like those
of hCx37 hemichannels, block may involve multiple
sites, can be quite slow or fast depending on experi-
mental conditions, and that the ions involved not
only block, but permeate. Some of the data have been
presented in abstract form (Puljung et al., 2000,
2001a,b, 2003).

 

M A T E R I A L S  A N D  M E T H O D S

 

RNA Preparation

 

The cDNA encoding human connexin37 (hCx37), flanked by
the 5

 

�

 

 and 3

 

�

 

 untranslated regions of the 

 

Xenopus

 

 globin gene was
subcloned into the Bluescript SK vector (Stratagene). The tem-
plate was linearized with XbaI and transcribed according to the
manufacturer’s protocol using the T7 mMessage mMachine Kit
(Ambion). Transcripts were diluted in RNase-free TE, pH 8.0.

 

Oocyte Preparation

 

Stage V and VI oocytes were isolated from adult female 

 

Xenopus
laevis

 

 frogs under tricaine anesthesia, treated with collagenase
(1–2 mg/ml for 2

 

�

 

 50 min) in 0Ca

 

2

 

�

 

OR2 (90 mM NaCl, 2.5
mM KCl, 1 mM MgCl

 

2

 

, and 5 mM HEPES, pH 7.6), and manu-

ally defolliculated in OR2

 

�

 

 (90 mM NaCl, 2.5 mM KCl, 1 mM
MgCl

 

2

 

, 1 mM CaCl

 

2

 

, 0.27 g/L pyruvic acid sodium salt, 2 mg/L
gentamicin, and 5 mM HEPES, pH 7.6). Oocytes were injected
with a total volume of 50 nL, 25 nL corresponding to the di-
luted RNA transcript (or RNase-free TE, pH 8.0, for control oo-
cytes), and 25 nL of a 0.30 ng/nL (in RNase-free TE, pH 8.0)
solution of an antisense oligonucleotide directed against the
endogenous 

 

Xenopus

 

 Cx38 protein (AntiCx38) expressed in oo-
cytes (Barrio et al., 1991). Oocytes were injected in OR2

 

�

 

 and
stored in 0DivOR2 (90 mM NaCl, 2.5 mM KCl, and 5 mM
HEPES, pH 7.6) for at least 8 h following injection before re-
cording. Procedures were performed in accordance with an
IACUC-approved protocol.

 

Oocyte Electrophysiology

 

Electrophysiological recordings on oocytes were performed us-
ing the two-microelectrode voltage clamp method in 0DivOR2.
Additions to this solution are indicated in the figure legends. So-
lution exchange was achieved using a gravity perfusion system.
Exchange of the bath solution occurred with a time constant of

 

�

 

24 s, as assayed by examining the rate of disappearance of ex-
ogenously expressed Na

 

�

 

 current when exchanging OR2

 

�

 

 solu-
tion for one in which the Na

 

�

 

 was replaced with Cs

 

�

 

 (not de-
picted). Pipettes were pulled to a resistance of 0.3 M

 

�

 

 to 2.0 M

 

�

 

and filled with a solution containing 3 M KCl. Recordings were
performed using a Dagan CA1-B oocyte clamp (Dagan Corpora-
tion). Signals were filtered at 1 kHz and digitized with a Digidata
1200 analogue/digital converter (Axon Instruments, Inc.) at 2
kHz, unless otherwise noted, using pClamp 8 (Axon Instru-
ments, Inc.). All experiments were performed at room tempera-
ture (20–24

 

�

 

C). Time course experiments were performed by
sampling the holding current at a given potential for a period of
100 ms, once per second.

 

Data Treatment and Analysis

 

Peak current for the isochronal current–voltage protocols was
measured between 2,383 and 2,433 ms after the initiation of the
voltage pulse. For raw current traces presented in the figures,
only every 100th point is plotted. No capacitance correction was
used. Leak correction, when applied, was performed either by
extrapolating from linear regression to data at negative poten-
tials or by assuming a line between the current at the holding po-
tential and the origin unless otherwise indicated. Data analysis
was performed using MATLAB version 6.5 (The Math Works,
Inc.) and Microcal Origin version 7 (OriginLab Corporation).
Group statistics are reported as mean 

 

�

 

 SEM.

 

Concentration Responses

 

Divalent cations were washed in at 

 

�

 

40 mV. To better appreciate
the amount of current blocked during the wash-in, the peak cur-
rent from 2.5-s pulses to 

 

�

 

80 mV, where currents were larger due
to an increased driving force, was measured and plotted as a
function of divalent cation concentration. The binding of poly-
valent cations was so slow that no appreciable change in the
fraction of block occurred during the time the potential was
changed to 

 

�

 

80 mV. Block was assumed to be complete in 2 mM
Ca

 

2

 

�

 

 and absent in 20 

 

�

 

M Ca

 

2

 

�

 

. Mg

 

2

 

�

 

 data were normalized to
the Ca

 

2

 

�

 

 data by applying a saturating concentration of Ca

 

2

 

�

 

 (2
mM) to the oocytes following wash-in of Mg

 

2

 

�

 

. The concentra-
tion–response relationships were fit with Langmuir isotherms of
the form %Block 

 

	

 

 A/(1 

 

�

 

 10

 

(log(IC50) 

 

�

 

 [M])p

 

), where A is maxi-
mum response (normalized to 1 for Ca

 

2

 

�

 

), IC

 

50

 

 is the half-maxi-
mal inhibitory concentration, [M] is the concentration of the
metal ion, and p is the Hill coefficient.
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Chemicals and Supplies

 

Standard solutions of MgCl

 

2

 

 and CaCl

 

2

 

 were obtained from
Fluka. All other chemicals were obtained from Sigma-Aldrich.

 

R E S U L T S

 

hCx37 Hemichannel Currents in Xenopus Oocytes

 

Previously, only intercellular channels in dual whole-cell
or dual oocyte recordings of connexin37 have been re-
ported (Willecke et al., 1991; Reed et al., 1993; Traub et
al., 1998; Ramanan et al., 1999; Banach et al., 2000). We
find that, when RNA transcript for hCx37 was injected
into 

 

Xenopus laevis

 

 oocytes along with an antisense oligo-
nucleotide (AntiCx38) directed against the expression
of endogenous 

 

Xenopus

 

 connexin38, currents could be
measured from functional hCx37 hemichannels in un-
apposed oocyte membranes. Fig. 1 A (top) shows cur-
rents recorded in 0DivOR2 (see 

 

materials and meth-
ods

 

) plus 1 mM Ca

 

2

 

�

 

. Under these ionic conditions,
hCx37 hemichannel currents resembled previously re-
corded hemichannel currents generated by Cx46, Cx44,
Cx56, Cx38, Cx32E

 

1

 

43, Cx50, Cx45, and Cx32 (Paul et
al., 1991; Ebihara and Steiner, 1993; Gupta et al., 1994;
Ebihara et al., 1995; Ebihara, 1996; Pfahnl et al., 1997;
Beahm and Hall, 2002; Valiunas, 2002; Gomez-Hernan-
dez et al., 2003). Channels opened upon depolarization,
and currents increased throughout the duration of the
depolarizations. However, under these conditions, the
hCx37 hemichannel currents were contaminated by a
slow Na

 

�

 

 current, which is endogenously expressed in

 

Xenopus

 

 oocytes (Kado and Baud, 1981; Baud et al.,
1982; Baud and Kado, 1984; Ripps et al., 2002a,b). Fig. 1
A (bottom) shows an example of these currents from a
control oocyte injected only with AntiCx38, recorded in
0DivOR2 plus 1 mM Ca

 

2

 

�

 

, and Fig. 1 B shows an average
current–voltage relationship for oocytes injected with
AntiCx38 (circles) and recorded in 0DivOR2 contain-
ing 0.5 mM Ca

 

2

 

�

 

. The current–voltage relationship is
characteristic of the endogenous oocyte Na

 

�

 

 current in
that activation occurred at potentials positive to 

 

�

 

20
mV, and currents reversed at 

 

�

 

�

 

90 mV, near the pre-
dicted value for E

 

Na

 

, assuming an intracellular Na

 

�

 

 con-
centration of 2.5 mM. Fig. 1 B (squares) corresponds to
the average current–voltage relationship for oocytes in-
jected with hCx37 RNA plus AntiCx38, recorded in
0DivOR2 plus 0.5 mM Ca

 

2

 

�

 

. Fig. 1 C (squares) shows an
average current–voltage relationship for hCx37, with
currents normalized to the peak current measured at

 

�

 

90 mV, corrected by the mean of the current in con-
trol oocytes, i.e., those injected only with AntiCx38. Acti-
vation of hCx37 hemichannels occurred at potentials
positive to 

 

�

 

30 mV.
To verify that these currents represented functional

hCx37 hemichannels, a commonly used gap junction
channel blocker, 1-heptanol, was added to the bathing

medium of 0DivOR2 plus 0.5 mM Ca

 

2

 

�

 

. Addition of 10
mM 1-heptanol to control oocytes completely inhibited
the endogenous Na

 

�

 

 current (unpublished data) and
67% of the outward current in hCx37-injected oocytes
(Fig. 1 C, circles). These data support the idea that cur-
rents were the result of expression of hCx37 as func-
tional hemichannels.

Figure 1. Nonjunctional currents from hCx37 expressed in
Xenopus laevis oocytes. (A, top) Currents resulting from a series of
voltage steps from a holding potential of �40 mV in 10-mV incre-
ments to a potential of �90 mV in an oocyte injected with RNA
encoding hCx37 plus AntiCx38. (A, bottom) Currents from an
oocyte injected only with AntiCx38. Currents were recorded in
0DivOR2 plus 1 mM Ca2�. (B) Average, isochronal (see materials
and methods) current–voltage relationship for oocytes injected
with hCx37 RNA plus AntiCx38 (�, n 	 10) and oocytes injected
only with AntiCx38 (�, n 	 3). Currents were recorded in
0DivOR2 plus 0.5 mM Ca2�. (C) Normalized, average, isochronal
current–voltage relationships for oocytes injected with hCx37 RNA
plus AntiCx38, recorded in 0DivOR2 plus 0.5 mM Ca2� in the
presence (�, n 	 3) or absence (�, n 	 10) of 10 mM 1-heptanol.
Currents in the absence of heptanol were corrected by subtracting
the mean of the oocytes injected only with AntiCx38. Currents
in the presence of heptanol were not corrected by the control
currents, since the endogenous sodium current in oocytes was
completely inhibited by 10 mM 1-heptanol (not depicted). All
currents were normalized to the peak current at �90 mV in the
absence of 1-heptanol. The current–voltage relationships were all
leak corrected.
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Depletion of Divalent Cations Results in Loss of Gating at 
Negative Potentials

 

When oocytes expressing hCx37 were voltage clamped
in a solution containing no divalent cations (0DivOR2),
currents were quite different. In the absence of diva-
lent cations, hCx37 hemichannels were not closed at
potentials negative to 

 

�

 

40 mV, but rather passed cur-
rent linearly with respect to voltage (Fig. 2 A, left). At
potentials positive to 

 

�

 

10 mV, the presence of the en-
dogenous Na

 

�

 

 current (Fig. 2 B) produced a deviation
from linearity in the current. Current–voltage data
from oocytes expressing hCx37 are summarized in Fig.
2 B (squares). We first focused on the range of poten-
tials where there was no hemichannel current in the
presence of divalent cations. Current over this range re-
mained at approximately the same level for the dura-
tion of the voltage pulse (Fig. 2 A, left). In the absence
of divalent cations, oocytes injected only with AntiCx38
also produced currents that were linear with respect to
voltage over this range, but were much smaller than the
hCx37 currents (Fig. 2 A, right). The reversal potential
of the endogenous oocyte currents was 

 

�

 

40 mV (Fig. 2
C, circles), which represented a high, background per-
meability to either Cl

 

�

 

 or K

 

�

 

 in 

 

Xenopus

 

 oocytes, which
are known to express channels selective for both ions
(Weber, 1999).

The presence of both inward and outward currents
(Fig. 2 C, squares) allowed for the appreciation of the
reversal potential for hCx37 hemichannels which, un-
der these conditions, was 

 

�

 

13 mV, an expected value
for a weakly selective channel like hCx37 (Veenstra et
al., 1994), and similar to the value of 

 

�

 

9.3 mV mea-
sured for Cx46 hemichannels (Ebihara and Steiner,

1993). Importantly, this reversal potential was not zero,
which is the reversal potential expected for a linear
leak. To provide further support that these currents
were due to hCx37 hemichannels open at potentials
negative to the activation threshold in the presence of
Ca

 

2

 

�

 

, and not leak, currents were measured from oo-
cytes injected with increasing amounts of hCx37 RNA.
The data shown in Fig. 2 D illustrate that slope conduc-
tance between 

 

�

 

60 and 0 mV increased when increas-
ing amounts of hCx37 RNA were injected into oocytes.
The same volume was used to inject each oocyte, so the
increase in conductance was not the result of opening
of stretch-activated channels.

 

Polyvalent Cation Effects on Gating at Negative Potentials

 

hCx37 hemichannels were closed at potentials between

 

�

 

100 and 

 

�

 

10 mV when divalent cations were added
to the bathing solution (Fig. 1) and linear with respect
to voltage when there were no divalent cations in the
bath (Fig. 2). We, therefore, first examined the concen-
tration dependence of divalents over this potential
range. Fig. 3 A shows hCx37 currents before (left), dur-
ing treatment with (middle), and after wash-out of
(right) 1 mM Ca

 

2

 

�

 

. Addition of Ca

 

2

 

�

 

 to the bath re-
duced current (Fig. 3 A and D, circles) and shifted the
zero-current potential of each oocyte to a more nega-
tive potential. Rather than having a reversal potential
of 

 

�13 mV, the oocytes regained a reversal potential
of �40 mV, precisely where the endogenous conduc-
tances reversed in control oocytes (Fig. 2 C and Fig. 3
E). The effects of Ca2� on current magnitude and re-
versal potential were completely reversible upon wash-
out of the ion (Fig. 3 A and D, triangles), suggesting

Figure 2. hCx37 hemichannel currents lose their
voltage and time-dependent properties in oocytes
following wash-out of divalent cations. (A) Representa-
tive currents resulting from a series of steps from a
holding potential of �40 mV to potentials ranging
from �100 to �90 mV in 10-mV increments for an
oocyte injected with hCx37 RNA along with AntiCx38
(left) and an oocyte injected with AntiCx38 alone
(right) stored in 0DivOR2. (B) Average, isochronal
current–voltage relationships over the voltage range
from �100 to �90 mV for oocytes injected with hCx37
RNA plus AntiCx38 (�, n 	 6) and oocytes injected
only with AntiCx38 (�, n 	 5). (C) Average, iso-
chronal current–voltage relationships over the voltage
range from �100 to �10 mV for oocytes injected with
hCx37 RNA plus AntiCx38 (�, n 	 30) and oocytes
injected only with AntiCx38 (�, n 	 20). (D) Bar
graph showing macroscopic hCx37 hemichannel con-
ductance (assessed between �60 and 0 mV) as a
function of the amount of hCx37 RNA injected into
the oocyte (n 	 2, 60 ng; n 	 3, 12 ng; n 	 4, 6 ng; n 	
4, 3 ng; n 	 4, 0.3 ng). The asterisk corresponds to
current levels that were significantly larger than those
with 0.3 ng injected (P 
 0.0001, Student’s t test).
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that divalent effects were specific for hCx37 hemichan-
nels and not a nonspecific toxicity affecting the oocyte.
Also, the ion did not act on endogenous currents to re-
duce the overall current at negative potential, since 1
mM Ca2� had no effect on the endogenous currents in
control oocytes (Fig. 3 B), which remained small and
linear with a reversal potential at �40 mV. Fig. 3 E
shows the average current–voltage relationships for
oocytes injected with AntiCx38 alone and stored in
0DivOR2. These relationships were identical before,
during addition of, and after wash-out of 1 mM Ca2�.

Mg2� ions, which have been shown to bind specifically
to hCx37 (Banach et al., 2000), affected the current
in much the same way as Ca2�. The addition of Mg2�

to the bathing solution reversibly inhibited hCx37
hemichannel current (Fig. 3 C). Current magnitude
was significantly reduced in the presence of 20 mM
Mg2� (Fig. 3 F, circles). The reversal potential for the
oocyte was shifted to a more negative potential (�26
mV), as was the case for 1 mM Ca2�. Mg2� ions required
higher concentrations than those of Ca2� to inhibit the
current, a trend also observed for Cx46 hemichannels
(Ebihara and Steiner, 1993; Ebihara et al., 2003) and

Cx32 hemichannels (Gomez-Hernandez et al., 2003).
Fig. 3 G shows the concentration–response relationship
for the inhibition of hCx37 hemichannel current at
�40 mV by extracellular Ca2� (circles) and Mg2�

(squares) ions. The IC50 for Ca2� was 107 �M with a Hill
coefficient of 3.1 � 0.5. The IC50 for Mg2� was 1.3 mM
with a Hill coefficient of 4.5 � 1.1. Ca2� also inhibits
Cx46 hemichannels with a Hill coefficient greater than
one (Pfahnl and Dahl, 1999). Finally, the inhibition by
Mg2� was not complete. Even at saturating Mg2� con-
centrations, the current was only inhibited 94% as well
as it was for Ca2�. Current maximally inhibited by Mg2�

could be further inhibited by the addition of 2 mM Ca2�

(not depicted), and 20 mM Mg2� (Fig. 3 F) did not shift
the reversal potential of the oocytes to the same degree
as 1 mM Ca2�. There are two possible explanations for
the lack of complete inhibition. The first is that there
was a population of channels that remained unblocked.
An alternate explanation is that Mg2�, with its smaller
radius (0.65 Å versus 0.99 Å for Ca2�) could not com-
pletely inhibit current flow in individual channels, only
blocking partially and lowering the unitary conductance
as previously reported (Banach et al., 2000). Single

Figure 3. hCx37 hemichannel currents are reversibly
inhibited by divalent cations. Representative currents
resulting from a series of voltage steps from a holding
potential of �40 mV to potentials ranging from �100 to
�10 mV in 10-mV increments for oocytes injected with
hCx37 RNA along with AntiCx38 (A and C) and an
oocyte injected only with AntiCx38 (B). (A) Currents
from hCx37 hemichannels before (left), during treat-
ment with (middle), and after wash-out of (right) 1 mM
Ca2�. (B) Currents from an oocyte injected only with
AntiCx38 before (left), during treatment with (middle),
and after wash-out of (right) 1 mM Ca2�. (C) Currents
from hCx37 hemichannels before (left), during treat-
ment with (middle), and after wash-out of (right) 20
mM Mg2�. (D) Average, isochronal current–voltage
relationships for oocytes injected with hCx37 RNA plus
AntiCx38 and stored in 0DivOR2. Recordings were
made before (�, n 	 8), during treatment with (�, n 	
8), and after wash-out of (�, n 	 8) 1 mM Ca2�. (E)
Average, isochronal current–voltage relationships for
oocytes injected with AntiCx38 alone and stored in
0DivOR2. Recordings were made before (�, n 	 3),
during treatment with (�, n 	 3), and after wash-out of
(�, n 	 3) 1 mM Ca2�. (F) Average, isochronal current–
voltage relationships for oocytes injected with hCx37
RNA plus AntiCx38 and stored in 0DivOR2. Recordings
were made before (�, n 	 6), during treatment with (�,
n 	 6), and after wash-out of (�, n 	 6) 20 mM Mg2�.
(G) Concentration–response curves (see materials and
methods) showing inhibition of hCx37 hemichannel
current at �40 mV as a function of [Ca2�] (�) and
[Mg2�] (�). The IC50 for Ca2� was 107 �M with a Hill
coefficient of 3.1 � 0.5 (20 �M, n 	 3; 100 �M, n 	 3;
200 �M, n 	 5; 1 mM, n 	 4; 2 mM, n 	 6). The IC50 for
Mg2� was 1.30 mM with a Hill coefficient of 4.5 � 1.1
(500 �M, n 	 5; 1 mM, n 	 6; 2 mM, n 	 4; 5 mM, n 	
3; 10 mM, n 	 5; 20 mM, n 	 4).
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channel experiments are necessary to differentiate be-
tween these two scenarios.

The differences in affinities for Ca2� and Mg2� could
represent differences in the on rate (kon) or the off rate
(koff) between the two ions. To distinguish between
these two possibilities, the time course of the reduction
in hCx37 hemichannel current after addition of diva-
lent cations to the bath was measured by sampling the
holding current once per second for 100 ms. The same
experiment could be done after removal of divalent
cations to determine the time course of recovery
from divalent inhibition. Typical examples of these
time course experiments can be seen in Fig. 4 A for

wash-in (left) and wash-out (right) of 1 mM Ca2� at
�40 mV. The time courses were well described by sin-
gle exponentials with time constants of minutes, which
was also observed for Cx46 hemichannel block by 1.8
mM Ca2� (Pfahnl and Dahl, 1999). The Hill coeffi-
cients for Ca2� and Mg2� both suggest that multiple
ions acted in a cooperative manner to inhibit current
in hCx37 (for review see Colquhoun, 1998). The first-
order appearance of the time course suggests that, al-
though there were multiple binding steps, the one that
was measured must have been much slower than the
others, i.e., rate limiting.

Parameters from fits to the time course experiments
were used to determine a modification rate constant
(kmod). The modification rate is defined by the rela-
tionship

(1)

where [M] is the concentration of the ion that is inhibit-
ing the current. During the wash-out experiments, [M]
was zero, so kmod was equal to koff. The above equation
predicts a linear relationship of kmod versus [M]. Fig. 4
(B and C) shows kmod as a function of divalent concen-
tration for Ca2� (B) and Mg2� (C). The data were fit to
straight lines, with slopes equal to kon and the Y inter-
cepts equal to koff. Fits gave a predicted value for kon of
0.015 � 0.002 mM�1s�1 and koff of 0.003 � 0.002 s�1 for
Ca2�. The predicted kon for inhibition by Mg2� was
0.003 � 0.0006 mM�1s�1 and the predicted koff was
0.007 � 0.005 s�1. An estimate for the IC50 for divalent
cation binding was made by dividing koff by kon. This was
200 �M for Ca2�, close to the measured value of 107 �M
and 2.3 mM for Mg2�, again close to the measured value
of 1.3 mM from the concentration–response curve.
Therefore, the kinetic measurements were consistent
with the steady-state measurements made for divalent
cation inhibition, with an approximately twofold differ-
ence in kon and fivefold difference in koff for the two ions
accounting for their different affinities for the target.

The trivalent cation Gd3� also inhibited hCx37 hemi-
channel currents between �100 and �10 mV. Fig. 5 A
shows hCx37 hemichannel current before (left) and af-
ter (right) the addition of 100 �M Gd3�. Inhibition of
current by Gd3�, in contrast to Ca2� and Mg2�, was irre-
versible. This was presumably due to an extremely low
koff. To test this hypothesis, kmod for current inhibition
was tested at 100 and 200 �M Gd3�. If koff was close to
zero, then kmod should have been equal to kon[Gd3�], ac-
cording to Eq. 1, and doubling the concentration of
Gd3� should double kmod. Fig. 5 B shows the results from
this experiment. kmod increased from 0.017 � 0.003 s�1

in 100 �M Gd3� to 0.042 � 0.008 s�1 in 200 �M Gd3�,
roughly twofold, supporting the conclusion that Gd3�

had an immeasurably small koff at negative potentials.

kmod kon M[ ] koff+ ,=

Figure 4. The rate of divalent cation inhibition of hCx37
hemichannel currents was concentration dependent. (A) Repre-
sentative trace showing current from an individual oocyte injected
with hCx37 RNA plus AntiCx38. The disappearance of current
(left) is upon wash-in of 1 mM Ca2�. The reappearance of current
(right) is upon wash-out of Ca2�. These recordings were performed
at a holding potential of �40 mV. Both wash-in and wash-out
traces were fit with single exponential curves to determine kmod.
The time courses were fit with an equation of the form I 	 I� �
Ae�kt, where I is the current, I� is the amount of current at steady
state, A is the amplitude, t is time, and k is kmod (see results). The
concentration dependence of kmod for hCx37 hemichannel current
at �40 mV is shown for Ca2� (B) and Mg2� (C). Both plots were fit
with straight lines. For Ca2�, r 	 0.86; 0 mM, n 	 4; 0.1 mM, n 	 2;
0.2 mM, n 	 5; 1 mM, n 	 5; 2 mM, n 	 3. For Mg2�, r 	 0.82; 0
mM, n 	 2; 1 mM, n 	 4; 2 mM, n 	 1; 5 mM, n 	 4; 10 mM, n 	
5, 20 mM, n 	 2.
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Voltage Effects on the Rate of Polyvalent Cation Inhibition

The simplest explanation for the above observations is
that hCx37 hemichannels were directly blocked by
polyvalent cations. The effect of the applied voltage
field on the binding and unbinding rates for polyvalent
cations was, therefore, investigated. The time course
experiments were performed as above, sampling the
current at 1 s intervals as polyvalent cations were
washed on while the oocytes were held at various poten-
tials. If these charged particles were blocking within the
voltage field or accessing their binding site through the
pore, then the rate of modification would be predicted
to depend on potential.

The rate of modification of hCx37 hemichannel cur-
rent by extracellular Ca2� ions was faster at more hyper-
polarized potentials (Fig. 6 A, squares), as would be ex-
pected for a positively charged ion moving from the
outside toward the inside of an oocyte through the volt-
age field. This effect was solely on the kon since koff was
not affected by voltage at the potentials measured (Fig.
6 A, circles). Mg2� behaved similarly (Fig. 6 B, squares).
kmod for Mg2� was faster at negative potentials, but koff

was not affected by holding potential (Fig. 6 B, circles).
The mean koff measured for Ca2� was 0.0035 s�1, very
close to the value of 0.003 s�1 predicted from the kmod

versus concentration curve. The mean koff measured for
Mg2� was 0.002 s�1, again reasonably close to the pre-
dicted value of 0.007 s�1. kmod for Gd3� was also faster at

negative potentials (Fig. 6 C). The effect of holding po-
tential on koff could not be assessed for Gd3� because
koff was too small to be measured at these potentials.

kon can be calculated by rearranging Eq. 1. kon for
each cation was calculated and plotted as a function of
potential (Fig. 6 D). The data were fit with single-expo-
nential decays of the form

(2)

where kpos is the minimum kon at more positive poten-
tials, A is the amplitude, V is voltage, and dV is the
number of millivolts necessary to change kon by a factor
of e. A monovalent cation traveling all the way through
the voltage field would undergo an e-fold change in
binding rate for every 24 mV. A divalent cation, which
feels the field twice as strongly, would be expected to
undergo an e-fold change in rate for every 12 mV, and a
trivalent every 8 mV. From the fits, it was determined
that inhibition by Ca2� changed e-fold for every 11.5 �
2.7 mV. Therefore, Ca2� permeated the entire way from
the outside of the voltage field to the inside. Although
electrical distance cannot unequivocally be translated
to physical distance, it is likely that the binding site for
Ca2� is near the cytoplasmic vestibule. The kon for Mg2�

changed e-fold for every 12.8 � 3.8 mV, which suggests
that Mg2� likely bound at the same location as Ca2�.
The kon for Gd3� underwent an e-fold change for every
8.0 � 3.6 mV, the voltage dependence expected for a
trivalent that went all the way through the voltage field,
suggesting that Gd3� binds to the same location as the
divalent cations.

There are two possible explanations for the above ob-
servations. The first is that polyvalent cations, albeit
slowly, directly blocked the hCx37 hemichannels in
a voltage-dependent fashion. Alternatively, polyvalent
binding may have been merely permissive of a voltage-
dependent transition intrinsic to the channel protein.
However, an intrinsic transition in the channel should
have had the same voltage dependence regardless of
which ion was causing the gating. The observation that
the voltage dependence of channel closure was propor-
tionately stronger with the trivalent cation Gd3� than
with either divalent cation tested, therefore, suggests
that the field was acting directly on the ion to induce
channel closure, and not on the channel protein. This
is supportive of a role for polyvalent cations as direct
blockers of hCx37 hemichannels.

Polyvalent Cation-dependent Voltage Gating at 
Positive Potentials

In contrast to negative potentials, where the voltage
field acted on polyvalent cations to drive them to their
binding site, at positive potentials, hCx37 hemichan-
nels passed current, even in the presence of concentra-

kon kpos Ae�V/dV+ ,=

Figure 5. Gd3� inhibits hCx37 hemichannel current. (A) Repre-
sentative currents resulting from a series of steps from a holding
potential of �40 mV to potentials ranging from �100 to �10 mV
in 10-mV increments for an oocyte injected with hCx37 RNA along
with AntiCx38. The currents were recorded before (left) and after
(right) the addition of 100 �M Gd3� to the bath. (B) Bar graph
showing kmod for hCx37 hemichannel current inhibition by two
different concentrations of Gd3�, 100 �M (n 	 4) and 200 �M
(n 	 4).
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tions of Ca2� that completely inhibited current at nega-
tive potentials (Fig. 1). We considered whether this
behavior represented a symmetrical property of poly-
valent cation block, i.e., the field acted on the Ca2�

ions at positive potentials to drive them out of the pore.
If this were the case, it makes several strong predic-
tions; among them that changes in the polyvalent
cation content of the bathing solution should affect
macroscopic hCx37 hemichannel gating at positive
potentials in a species- and concentration-dependent
manner.

Fig. 7 A shows hCx37 currents in response to voltage
steps as in Fig. 1 A recorded in 0DivOR2 in the pres-
ence of 1 mM Ca2� (left) or 200 �M Gd3� (right). Vi-
sual inspection of the currents reveals drastically slower
kinetics in the presence of Gd3� compared with the
currents measured in Ca2�. Current traces like those in
Fig. 7 A were fit with double exponentials of the form

(3)

where I is current, Io is the offset, A1 and A2 are the am-
plitudes, t is time, and kfast and kslow are the fast and

I Io A1 1 e�t*kfast–( ) A2 1 e�t*kslow–( )+ + ,=

slow rate constants of activation, respectively. This time
course was similar to gap junctional currents of hCx37
(Ramanan et al., 1999), which also were well described
by two time constants of similar magnitude to those
measured in hemichannels. Fig. 7 (B and C) shows the
fast and slow rate constants, respectively, for activation
of hCx37 hemichannel current with 1 mM Ca2� (cir-
cles) and 200 �M Gd3� (squares) in the bathing solu-
tion as functions of voltage. Both rate constants were
voltage dependent, increasing at greater depolariza-
tions, but the kinetics were much faster in Ca2� at al-
most all of the potentials studied. This difference was
not the result of differences in contamination from
the slow, endogenous Na� current under the two ionic
conditions as the connexin current was much faster
in the presence of Ca2� than Gd3�, even at potentials
where the contribution of endogenous Na� current
was negligible (e.g., at ENa). The difference in kinetics
was also not accounted for by the difference in the
concentration dependence of the effects of Ca2� and
Gd3�, since twofold changes in the concentrations of
Ca2� (Fig. 7 D) or Gd3� (Fig. 7 E) did not affect the ac-
tivation kinetics.

Figure 6. Polyvalent cation inhibition of hCx37
hemichannels is voltage dependent. (A) Plot of
kmod for hCx37 hemichannel current inhibition by
200 �M Ca2� as a function of potential (�; �110
mV, n 	 1; �100 mV, n 	 4; �90 mV, n 	 3; �80
mV, n 	 4; �60 mV, n 	 5; �40 mV, n 	 4;
�20 mV, n 	 4). The curve is a single exponential
decay fit to the data of the form kmod 	 kpos � Ae�V/dV,
where kpos is the minimum kmod at more positive
potentials, A is the amplitude, V is voltage, an dV is
the amount in millivolts necessary to change kmod

by a factor of e. The open circles (�) represent koff

as a function of potential (�100 mV, n 	 2; �80
mV, n 	 3; �60 mV, n 	 6; �40 mV, n 	 5; �20
mV, n 	 3). The straight line shows the mean koff of
0.0035 s�1. The inset shows a plot of the percent
inhibition by 200 �M Ca2� as a function of holding
potential (�100 mV, n 	 4; �60 mV, n 	 4; �40
mV, n 	 5; �20 mV, n 	 3). The curve in the inset
represents the predicted percentage block as a
function of potential, based on a model of voltage-
dependent block for which steady-state block (ss-
block) is given by the equation ssblock 	 100/(1 �
10((log(IC50) � log[Ca])*p)), where IC50 is predicted by
the fits to the measured kon and koff as a function of
potential (A, C, and D) and p is the Hill coefficient
for Ca2� binding (�3.1). Data from the inset were
leak corrected by the mean of the AntiCx38-injected

oocytes from the day each data point was acquired (n 	 2–4). The data were normalized to block at �100 mV where close to 100% block
is predicted by the above equation for 200 �M Ca2�. (B) Plot of kmod for hCx37 hemichannel current inhibition by 1 mM Mg2� as a
function of potential (�; �100 mV, n 	 2; �90 mV, n 	 1; �80 mV, n 	 2; �70 mV, n 	 1; �60 mV, n 	 4; �50 mV, n 	 2; �40 mV, n 	
9). The curve is a single exponential decay fit to the data of the form shown in A. The open circles (�) represent koff as a function of
potential (�60 mV, n 	 4; �40 mV, n 	 2). The straight line shows the mean koff of 0.0024 s�1. (C) Plot of kmod for hCx37 hemichannel
current inhibition by 100 �M Gd3� as a function of potential (�110 mV, n 	 2; �100 mV, n 	 7; �90 mV, n 	 3; �80 mV, n 	 5; �60 mV,
n 	 3; �40 mV, n 	 4). The curve is a single exponential decay fit to the data of the form shown in A. (D) Plot of kon for Ca2� (�), Mg2�

(�), and Gd3� (�) ions as a function of holding potential. The curves are single exponential decays fit to the data of the form kon 	 kpos �
Ae�V/dV (see results).
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A change in affinity for polyvalents at positive poten-
tials, allowing polyvalent cation dissociation and cur-
rent flow, is one possible explanation for the activation
of current at positive potentials, with the rate of appear-
ance of current dependent on kon[M] and koff. An in-
tracellular polyvalent binding site predicts the opposite
behavior for kon and koff at negative and positive poten-
tials. At negative potentials, kon was voltage dependent
because the voltage field favored cation entry into the
cell and polyvalent cations were driven down their elec-
trochemical gradient to their binding site through the
pore and the field. Polyvalent dissociation at negative
potentials was voltage independent because, again, the
field biased cation flow into the cell and so polyvalents
almost exclusively dissociated into the cytoplasm. The
opposite would be expected at positive potentials, i.e.,
koff would be voltage dependent because the voltage
field would favor cation exit from the cell and so poly-
valents would dissociate and exit through the pore and
the field. Conversely, any binding of polyvalents to the
site (kon) would be from the cytoplasm and, because of
the location of the binding site at the intracellular edge
of the electrical field, be expected not to be affected by
voltage.

Fig. 7 D shows the fast and slow rate constants for
hCx37 hemichannel gating in 0DivOR2 plus 0.5 mM
(circles) and 1 mM (squares) Ca2� as a function of po-
tential. There were no differences in either rate con-
stant measured at these two concentrations, as would
be expected if kon[M] were very small at positive poten-
tials. For Gd3� as well, doubling the concentration
from 100 to 200 �M had no effect on the kinetics (Fig.
7 E). Therefore, we suggest that the time course of cur-
rent activation at positive potentials primarily reflected
the voltage-dependent dissociation of polyvalent cat-
ions from their binding site, leaving the channel in a
state permissive to current flow. koff for Gd3�, which was
immeasurably slow at negative potentials, was also
slower than for Ca2� at positive potentials.

If koff was so much greater than kon that polyvalent
cation association was not appreciable, current would
be expected to increase with time until virtually all
polyvalent cations dissociated from all hCx37 channels
in the oocyte. Indeed, although hemichannel currents
usually reached a plateau value within a few seconds
(Fig. 7), when depolarizations were prolonged, cur-
rents first reached a pseudo steady-state (as in Fig.7)
but later increased and failed to reach a saturating
level. In one oocyte, long enough depolarizations were
used that current saturation was eventually achieved at
�240 s (unpublished data). Typical examples of cur-
rents elicited by long depolarizations are shown in the
insets in Fig. 8 (A and C). Such currents are actually
common in the literature for other connexins (e.g.,
Ebihara and Steiner, 1993; Ebihara, 1996). The com-

Figure 7. Activation rate of hemichannel current depends on
the ions in the bathing solution. (A) Currents resulting from a
series of voltage steps from a holding potential of �40 mV in
10-mV increments to a potential of �90 mV applied to oocytes
injected with hCx37 RNA plus AntiCx38, recorded in 0DivOR2
plus 1 mM Ca2� (left) or 200 �M Gd3� (right). These currents
were fit with the sum of two exponentials to determine rate con-
stants (see results). (B) Fast activation rate constant (kfast) as a
function of potential for hCx37-expressing oocytes recorded in
0DivOR2 containing 1 mM Ca2� (�; �40 mV, n 	 8; �50 mV, n 	
8; �60 mV, n 	 8; �70 mV, n 	 9; �80 mV, n 	 8; �90 mV, n 	 8;
�100 mV, n 	 8) or 200 �M Gd3� (�; �60 mV, n 	 15; �70 mV,
n 	 16; �80 mV, n 	 16; �90 mV, n 	 16; �100 mV, n 	 10). (C)
Slow activation rate constant (kslow) as a function of potential for
hCx37-expressing oocytes recorded in 0DivOR2 containing 1 mM
Ca2� (�; �40 mV, n 	 3; �50 mV, n 	 7; �60 mV, n 	 6; �70 mV,
n 	 7; �80 mV, n 	 7; �90 mV, n 	 8; �100 mV, n 	 8) or 200 �M
Gd3� (�; �60 mV, n 	 15; �70 mV, n 	 16; �80 mV, n 	 16; �90
mV, n 	 16; �100 mV, n 	 10). (D) kfast (upper) and kslow (lower)
for hCx37 hemichannel current recorded in 0DivOR2 containing
1 mM Ca2� (�) or 0.5 mM Ca2� (�). For kfast in 0.5 mM Ca2�, at
�40 mV, n 	 10; �50 mV, n 	 9; �60 mV, n 	 10; �70 mV, n 	
10; �80 mV, n 	 10; �90 mV, n 	 9; and �100 mV, n 	 10. For
kslow in 0.5 mM Ca2�, at �40 mV, n 	 1; �50 mV, n 	 6; �60 mV,
n 	 10; �70 mV, n 	 10; �80 mV, n 	 10; �90 mV, n 	 10; and
�100 mV, n 	 10. (E) kfast (upper) and kslow (lower) for hCx37
hemichannel current recorded in 0DivOR2 containing 200 �M
Gd3� (�) or 100 �M Gd3� (�). For kfast in 100 �M Gd3� at �60
mV, n 	 5; �70 mV, n 	 6; �80 mV, n 	 6; �90 mV, n 	 6; and
�100 mV, n 	 6. For kslow in 100 �M Gd3� at �60 mV, n 	 2; �70
mV, n 	 6; �80 mV, n 	 6; �90 mV, n 	 6; and �100 mV, n 	 5.
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plex kinetics seen in our records are similar to those re-
ported for certain mutated Cx32 hemichannels (Go-
mez-Hernandez et al., 2003). This complex current be-
havior was not due to the activation of endogenous
oocyte currents. A developing, outward current was
seen in oocytes injected only with AntiCx38 during 40-s
depolarizations to �90 mV, however, this current was
much smaller than those from hCx37 hemichannels,
reaching an average magnitude of 1.3 �A (n 	 3; un-
published data), and was likely the result of endoge-
nous Na� current, which reverses around �90 mV (Fig.
1 B) and increases slowly over time (Baud and Kado,
1984), or endogenous Cx38 that was not completely
eliminated by the antisense.

One major discrepancy remains in reconciling the
blocking data obtained in wash-in and wash-out experi-
ments performed at negative potentials with the gating
observed in the presence of extracellular polyvalent
cations. Specifically, although the time courses of the
tail currents when the oocytes were repolarized to �40
mV were slower in the presence of Gd3� than in Ca2�

(Fig. 7 A), both tails were very rapid (time constant
of tens of milliseconds) compared with the rates mea-
sured from the time course of polyvalent cation inhibi-
tion of hCx37 hemichannels (time constants of min-
utes) in wash-in experiments (Figs. 4 and 5). At first
glance, it seems almost impossible that channel closure
during the wash-in experiments could be the same pro-
cess as channel closure upon repolarization. One possi-
ble factor that could explain such a difference in time
course would be the presence of accessory binding sites
for polyvalent cations within or near the channel pore.
This is not unreasonable to consider since current ki-
netics were complex under some experimental condi-
tions (Fig. 8, A and C, insets). Binding to such sites
would increase the concentration of polyvalent cat-
ions in the vicinity, while still permitting flux of ions
through the pore. A time constant for deactivation of
�0.25 s would require a local concentration of 250 mM
Ca2�, calculated from the kon value for the slow binding
step at �40 mV (15.9 M�1s�1). Assuming a cylindrical
pore with a diameter of 30 Å and a pore length of 60 Å,
which can hold �1,400 water molecules, only six Ca2�

ions would be required in the vicinity to maintain such
a high local concentration.

If a local concentration of Ca2� ions were responsible
for the rapid decay kinetics measured upon repolariza-
tion to �40 mV, it makes a testable prediction that
longer depolarizations would favor fewer polyvalent
cations in the vicinity and the tail current would be
slower. The inset in Fig. 8 A shows currents resulting
from depolarizing pulses to �90 mV of increasing du-
rations (5, 10, 20, and 40 s) in 0DivOR2 plus 0.5 mM
Ca2�. Consistent with the prediction, tail currents were
markedly prolonged after longer depolarizations. Tails

Figure 8. Current deactivation depends on polyvalent concen-
tration and flux during channel opening. (A) Fast and slow rate
constants of deactivation in 0.5 mM Ca2� as a function of the
length of the depolarizing pulse to �90 mV. At 10 s, n 	 10, at 20 s,
n 	 9, and at 40 s, n 	 6. The inset shows representative current
traces that are the response to depolarization for 5, 10, 20, and
40 s to �90 mV from a holding potential of �40 mV, followed by
repolarization to �40 mV. (B) Fast and slow rate constants of deac-
tivation at �40 mV following 40-s depolarizing pulses to �90 mV
as a function of extracellular Ca2� concentration. The inset shows
representative tail currents recorded upon repolarization to �40
mV in 0DivOR2 plus 1.0 mM Ca2� and 0.5 mM Ca2�. For 0.5 mM
Ca2�, n 	 6; for 1.0 mM Ca2�, n 	 9. (C) Fast (triangles) and slow
(circles) rate constants for deactivation at �40 mV as a function of
the amount of charge passed during 40-s depolarizing pulses to
�90 mV (filled symbols) or �70 mV (open symbols). Each data
point represents an individual experiment. A total of six oocytes
was used to gather the data. The data were fit to straight lines (kfast,
r 	 0.9; kslow, r 	 0.7). The inset shows representative current
traces corresponding to depolarization from a holding potential of
�40 to �70 mV and �90 mV followed by repolarization to
�40 mV in a single oocyte. Data were acquired at a sampling rate
of 100 Hz and filtered at 50 Hz. Rate constants were corrected by
the koff for Ca2� at negative potentials (0.0035 s�1) to yield a value
of kon*[Ca2�].
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were best fit as the sum of two exponentials and both
rate constants were similarly slowed; data are summa-
rized in Fig. 8 A in the bar graph. Not only were the
rate constants slowed, but the slow rate constant follow-
ing repolarization to �40 mV after 40-s pulses to �90
mV was 0.06 s�1, which approached, i.e., was on the
same order of magnitude as, the 0.01 s�1 kmod predicted
for 0.5 mM Ca2� from the kon and koff measured during
the wash-in experiments in which the local concentra-
tion of Ca2� would have been near zero. It is, therefore,
likely that the slow rate constant of deactivation after
long depolarizations is identical to the rate-limiting
step for Ca2� inhibition of hCx37 hemichannels mea-
sured during the wash-in experiments.

An alternate explanation for these observations is
that long times favored intrinsic channel gating to
open states that deactivated more slowly. We looked,
therefore, for another test to help discriminate be-
tween gating that was independent of block/unblock
and gating that was block/unblock. Given that the pri-
mary ions contributing to flux through the channel un-
der these experimental conditions were monovalent
cations, it would not be expected that gating intrinsic
to the channel would be sensitive to small changes in
divalent cation concentration. We, therefore, measured
tail currents at �40 mV after 40-s depolarizations in 0.5
mM and 1 mM Ca2�. Not only were deactivation rates
faster with the higher Ca2� (Fig. 8 B), but the rate con-
stants were roughly double, as would be expected if the
rate constants reflected the association of Ca2� with a
blocking site to inhibit current flow. In the presence of
a high local concentration of Ca2� in or near the pore,
the Ca2� concentration in the bathing solution would
not be predicted to affect blocking kinetics. Consistent
with this prediction, the bath concentration of Ca2�

only affected the blocking kinetics following 40-s depo-
larizations, which were sufficient to deplete the local
concentration.

Concentration and depolarization duration data were
consistent with the idea that polyvalent cations empty
the channel slowly, probably because of accessory bind-
ing sites in or near the channel that do not inhibit
monovalent flux. This suggests that flux itself, rather
than voltage, would influence the rate of block of cur-
rent during repolarization. In contrast, intrinsic gating
into slowly deactivating open states, independent of
block, would be expected to depend on the duration
and potential of the depolarization and be indepen-
dent of the amount of flux through the channel during
the depolarizing pulse. To test these possibilities, we
compared the rates of deactivation after 40-s depolar-
izations to two different potentials in oocytes with dif-
ferent magnitude currents. Flux was calculated as the
integral of the currents during the depolarizations.
Data are shown in Fig. 8 C, where the inset shows exam-

ple currents for this experiment. Both tail rate con-
stants decreased linearly as a function of flux, indepen-
dent of whether the depolarizing voltage was �90 or
�70 mV. It seems likely, therefore, that the mono-
valents (mostly K� efflux from the oocyte) acted to
sweep Ca2� from the pore, lowering the local concen-
tration and thereby slowing the concentration-depen-
dent blocking rate at �40 mV.

D I S C U S S I O N

Model for hCx37 Hemichannel Gating

Our data suggest a model in which voltage-dependent
block and relief of block by polyvalent cations, rather
than an intrinsic channel gating event, is responsible
for the closing and opening of hCx37 hemichannels,
similar to the gating of inwardly rectifying K� channels
(Matsuda et al., 1987; Lopatin et al., 1994) and NMDA
receptors (Mayer et al., 1984; Mayer and Westbrook,
1987). The model, shown qualitatively and kinetically
in Fig. 9, is similar to models previously proposed for
voltage gating of Cx46 hemichannels (Ebihara and
Steiner, 1993) and Mg2� block of Cx46 hemichannels
(Ebihara et al., 2003), although, unlike our model,
those models assume an inherent channel “gate.” In
our model, the channel is bound to some minimum
number (n) of polyvalent cations (M�) required to oc-
clude current flow, which keep the channel in the fully
blocked state (Cx). Upon depolarization, the voltage
field favors efflux of polyvalent cations from their intra-
cellular binding site. At least two polyvalent cations
must be ejected to allow the channel to enter the un-
blocked, current flow–permissive, state (Cx*), since the
appearance of current was biexponential at positive po-
tentials, and both rate constants depended on the char-
acter of the ion in the bathing solution, i.e., currents
were slower in the presence of Gd3� than in the pres-
ence of Ca2� (Fig. 7). Upon repolarization, the voltage
field favors binding of polyvalent cations to the intra-
cellular sites, and current decays with a double expo-
nential time course. This time course reflects blocking
of the pore by polyvalent cations, as both rate constants
increased approximately twofold when the bathing
Ca2� concentration was increased by a factor of two
(Fig. 8 B). Block of the channel occurred in tens of mil-
liseconds upon repolarization, consistent with a high
local concentration of polyvalent cations, which are
likely bound to accessory sites in or near the chan-
nel pore. However, sustained depolarization (for tens
of seconds) allowed for sufficient flux, primarily of
monovalents, through the pore, such that the in-
creased local concentration was depleted, leaving the
channel devoid of polyvalent cations (Cx**). Under
these conditions, upon repolarization, the rate of cur-
rent decay, i.e., the rate of polyvalent cation block, was
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much slower (requiring tens of seconds). The slow
time course of block approached that seen during
wash-in of polyvalent cations to channels that were pre-
viously depleted of polyvalent cations by prolonged ex-
posure to polyvalent cation-free solution. During the
wash-in experiments, however, both block and recovery
followed single-exponential time courses, which sug-
gests that, under these conditions, one, slower blocking
event was rate limiting.

Even though block was extremely slow, we have cho-
sen to model the voltage gating of this channel as a sim-
ple block/unblock reaction scheme. Block of channels
with narrow pores and single binding sites is usually
rapid and complete, producing flickering on the sin-
gle-channel level. However, hCx37 hemichannels have
much larger pores and block likely requires multiple
ions. Therefore, the details of concentrating and mix-
ing of ions in the local environment of the channel
pore as well as the interaction of the multiple ions nec-
essary to inhibit the channel are likely to be very com-
plex. While this complexity cannot be fully appreciated
in macroscopic current measurements, the kinetics
measured provide a convenient handle for understand-
ing this interesting phenomenon. Single channel and
mutational experiments should supply the necessary
details for understanding this process in its entirety.

Polyvalent cation effects were the result of specific
binding to a site on hCx37, i.e., their effects could not
be explained by surface charge screening alone. There
are three reasons for this conclusion. First, the macro-
scopic current–voltage relationship for hCx37 in the
presence of high concentrations of polyvalent cations
was not affected by doubling the concentration of the
bathing polyvalent cation (not depicted) nor were the
kinetics of current activation (Fig. 7, D and E). Second,
widely different concentrations of Mg2� and Ca2� were
required to have the same effect on closure of hCx37
hemichannels (Fig. 3 G). A pure surface charge screen-
ing effect, i.e., with no binding, predicts that divalent

cations should act equally, so this disparity in the con-
centration dependence of divalent effects on the cur-
rent indicates specific binding to the channel. Finally, a
pure surface charge screening would produce its effect
on the current–voltage relationship by shifting gating
to more depolarized potentials as illustrated in the sim-
ulations in Fig. 10 A. Upon removal of polyvalent cat-
ions, lack of surface charge screening would shift gat-
ing in the hyperpolarized direction. If gating were
shifted far enough, as in the bold curve labeled num-
ber 1, the conductance would have been maximal over
the voltage range tested, which would have resulted in
a linear current–voltage relationship like the one la-
beled number 1 in the inset of Fig. 10 A and like that
seen experimentally in Fig. 2 C. However, surface
charge screening effects also predict that maximal
conductance would not be reduced by intermediate
concentrations of divalent cations, i.e., gating would
shift but maximum conductance would eventually be
achieved, as illustrated in the inset in Fig. 10 A. Fig. 10
B (inset) shows the current–voltage relationships for
channels recorded in 0DivOR2 plus 0.02 mM Ca2�

(squares), 0.1 mM Ca2� (circles), 0.2 mM Ca2� (trian-
gles), and 1 mM Ca2� (inverted triangles). At concen-
trations of Ca2� that submaximally inhibited the cur-
rent (e.g., 0.1 and 0.2 mM) the current–voltage rela-
tionships remained linear between �100 and �10 mV
(see further discussion of this below) but the slopes
were reduced proportional to the external [Ca2�] (Fig.
10 B). Taken together, these argue that polyvalent cat-
ions do not affect the channel solely by screening sur-
face charges.

It is the case that the fastest rates measured ap-
proached the exchange time of the bath solution (see
materials and methods), which may have led to un-
derestimation of the true values. However, the concen-
tration dependence of the rate of both Ca2� and Mg2�

inhibition of hCx37 hemichannels remained linear,
even at higher concentrations at which the modifica-

Figure 9. Gating model for hCx37 hemichannels. Illus-
tration of the gating process for hCx37 hemichannels. At
negative potentials (left) the channel is occupied with
several polyvalent cations. These bind to a site on the cy-
toplasmic side of the channel, blocking current flow. At
positive potentials (center) the koff for the polyvalent
cations becomes significant, the ions are ejected from the
site of block, and current is allowed to flow. Polyvalent
cations remain at a high local concentration. Upon ex-
tended depolarization (right), the local concentration is
depleted as well. Upon repolarization, the polyvalent
cations bind the channel again, inhibiting current flow
(left). A kinetic model for hCx37 hemichannel gating is
shown below. Cx is the blocked hemichannel, Cx* is the
unblocked hemichannel, Cx** is the unblocked hemichan-
nel free of any polyvalent cations, M� is a polyvalent cation,
n is the minimum number of polyvalent cations needed to
inhibit current (see discussion).
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tion rates measured were closest to the exchange time
(Fig. 4, B and C), and successfully predicted the steady-
state EC50 measurements, suggesting that even the fast-
est rates were measured accurately. Additionally, the
voltage dependence of the rate of inhibition was also
recapitulated in steady-state measurements. The aver-
age wash-out rate constants for both Mg2� and Ca2�

were much slower (by a factor of �10) than the bath
exchange rate constant. Assuming, therefore, that these

were reliable measurements, the off-rate constants were
small and did not change as a function of voltage at
negative potentials. With a kon that changes as a func-
tion of potential and a koff that remains constant, one
would predict that the IC50 for inhibition of hCx37
hemichannels by divalent cations would decrease, lead-
ing to an increase in the percentage block as a function
of potential. This is shown in the inset of Fig. 6 A. These
data were well described by the predictions made by
our kinetic data (see the legend for Fig. 6).

Voltage-dependent block by extracellular Ca2� would
be expected to produce a nonlinear current–voltage re-
lationship, i.e., a reduction in current at more negative
potentials in the presence of Ca2�, as has been ob-
served repeatedly for narrow pores. However, this was
not observed for hCx37 hemichannels; current–voltage
relationships remained linear over the potential range
from �100 to �10 mV, a range over which voltage-
dependent block was nonetheless demonstrated in Fig.
6 A (inset). This seeming inconsistency is resolved when
one considers the slow time constants involved. Nonlin-
ear current–voltage relationships represent an equilib-
rium state, but, unlike for divalent block of narrow
pores where block occurs almost instantaneously, here
the 2.5-s steps used were too short for block to reach
steady state. This is illustrated in the inset of Fig. 10 B,
which shows the amount of current remaining �2.5 s
after each voltage step was applied to oocytes that were
equilibrated in various concentrations of Ca2� at �40
mV and the predictions for current (dashed lines) ex-
pected after a 2.5-s voltage pulse, using rate constants
derived from Fig. 6. These simulations predict the lin-
ear current–voltage relationships we observed over the
potential range tested.

The wash-in rate constants for Ca2� (Fig. 6) contrast
sharply with the tail current rate constants in the pres-
ence of Ca2� (Fig. 8), where the accessory site for poly-
valent cation binding was filled. The linearity of the cur-
rent–voltage relationships in Fig. 10 suggests, therefore,
that the accessory site for polyvalent cation binding was
not filled, since an increased local [Ca2�] would have
greatly increased the rate constants, producing nonlin-
ear current–voltage relationships. It is possible that the
accessory site does not fill until the channels are com-
pletely blocked or, alternatively, that it is only filled by
ions exiting the pore as upon depolarization. Knowl-
edge of the molecular nature of the accessory site will
make it possible to test such predictions.

While direct block of hCx37 hemichannels is the sim-
plest explanation for our results, the possibility that a
conformational change occurs in the channel following
polyvalent cation binding to close the channel can-
not be completely excluded. If such a conformational
change occurs, however, it must be much faster than
the binding, so as not to be detected. Furthermore,

Figure 10. Polyvalent cation effects are not due to surface
charge screening. (A) Simulated conductance–voltage curves.
Each curve is shifted 40 mV relative to the next. Increasing
numbers correspond to increasing amounts of polyvalent cations
(see discussion). The inset shows current–voltage relationships
corresponding to the conductance–voltage relationships. The
bold lines in both the figure and inset correspond to the maximal
conductance over the voltage range depicted. (B) Plot of the
conductance–voltage relationship for hCx37 in 0DivOR2 plus
0.02 mM Ca2� (�, n 	 6), 0.1 mM Ca2� (�, n 	 4), 0.2 mM Ca2�

(�, n 	 6), and 1 mM Ca2� (�, n 	 4). The corresponding,
isochronal current–voltage relationships, shown in the inset,
represent current responses to the voltage protocol shown in
Fig. 2. Conductance was determined at each potential from the
slope of the current–voltage relationship between adjacent points.
The dashed lines in the inset are predicted currents after 2.5-s
voltage pulses based on the expectation from steady-state block in
Fig. 6. In brief, the steady-state block was determined for �40 mV,
and each new test potential. These values were connected by single
exponentials with kmod determined by the measured koff and kon

(Fig. 6) and the [Ca2�]. The predicted amount of block at 2.5 s
was multiplied by an open-channel, current–voltage relationship
predicted by a line formed between the current at �40 mV, divided
by the fractional block at that potential (Fig. 3 G) and the origin.
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polyvalent cations must be required for this conforma-
tional change. Lastly, the voltage sensitivity of the chan-
nels must arise from the voltage field acting directly on
the ions, rather than the channel protein, given that
differences in gating correlated with ion valence and
species. Single channel records will be needed to defin-
itively distinguish between these possibilities.

Data in the literature from other hemichannels can
be interpreted to suggest an interaction between the
voltage field and divalent block. For example, for Cx46,
Pfahnl and Dahl (1999) studied the effect of Ca2� on
gating of single Cx46 hemichannels. In the absence of
added Ca2�, Cx46 hemichannels in excised, outside-out
patches opened over a large range of both negative and
positive potentials. Upon addition of 5 mM Ca2� to the
outside, however, the channels only gated to the open
state at positive potentials, as the model predicts. A re-
cent paper by Ebihara et al. (2003) showed that Mg2�

can also inhibit Cx46 hemichannels, in a manner con-
sistent with both high and low affinity sites for divalent
cation binding. These authors even suggested that diva-
lent cations may be a necessary cofactor for hemichan-
nel voltage gating of Cx46.

If unbinding of polyvalent cations were responsible
for the opening of hemichannels, one might expect at
least some single channel events to show subconduc-
tance states associated with partially unblocked chan-
nels. In fact, single Cx46 hemichannel current records
(Trexler et al., 1996) exhibited subconductance states
briefly visited during channel opening that did not cor-
relate with the major subconductance state visited by
the channel following activation. It is possible that
such substates correspond to sojourns through partially
blocked states during channel opening.

Location of the Polyvalent Binding Site

The voltage dependence of polyvalent cation block
predicts the binding site to be on the cytoplasmic
side of the channel, based on the Woodhull analysis
(Woodhull, 1973). The original model described block
in a narrow, single-file pore, in which the blocking
ion could not permeate. For Cx channels, the pore is
clearly not narrow, multiple ions are required to block,
and ions can dissociate and exit the pore in both direc-
tions. However, an intracellular location for the polyva-
lent cation binding site, coupled with the fact that ions
can both block and permeate, successfully predicts the
behavior for the rates of polyvalent cation binding, with
on rates that were voltage dependent at negative poten-
tials (and small and voltage independent at positive po-
tentials) and off rates that were voltage dependent at
positive potentials (and small and voltage independent
at negative potentials).

Our data indicate the electrical distance for polyva-
lent cation binding; they do not provide a physical dis-

tance or molecular basis for this ion binding. While few
acidic residues exist on the cytoplasmic side of the
transmembrane domains of hCx37, there are many
acidic residues on the NH2 and COOH termini of the
channel, regions previously implicated in voltage gat-
ing of other connexins (Revilla et al., 1999; Kumari et
al., 2000; Oh et al., 2000; Purnick et al., 2000a,b; Anu-
monwo et al., 2001), which may play a role in polyva-
lent cation binding. Further experiments will be re-
quired to determine whether these domains are in-
volved in polyvalent cation block. Finally, our data do
not rule out the possibility that a molecule like calmod-
ulin that may be closely associated with the protein con-
stitutes the polyvalent binding site. Calmodulin, which
is putatively involved in chemical gating of Cx channels
(for review see Peracchia, 2004), is activated by Ca2�,
Mg2�, and Gd3� (Rainteau et al., 1989).

A recent report (Gomez-Hernandez et al., 2003)
showed that mutations in acidic residues on the second
extracellular loop of Cx32 hemichannels (D169 and
D178) affected their sensitivity to divalent cation block.
While mutations at this site altered the concentration
dependence of Ca2� regulation, they did not eliminate
Ca2� block entirely. Therefore, while it is possible that
these negative charges constitute the polyvalent cation
blocking site for Cx32, another explanation is that
these residues constitute an accessory site for polyva-
lent binding, like the one we propose for hCx37. The
second extracellular loop of hCx37 also has two nega-
tive charges with a glutamate (E182) and aspartate
(D197), the latter of which is at a position analogous to
the D178 residue of Cx32, raising the possibility that
these contribute to the accessory binding site, which we
observed. Mutations at such a site would be predicted
to affect the IC50 and kinetics of polyvalent cation ef-
fects, as seen in the paper by Gomez-Hernandez et al.
(2003), but not eliminate Ca2�or voltage sensitivity en-
tirely. Mutational analysis will be necessary to deter-
mine their role in hCx37.

Pfahnl and Dahl (1999) have investigated the loca-
tion of the Ca2� gate in Cx46 hemichannels. They used
the accessibility of a large reagent (MBB), which reacts
with free sulfhydryl groups. By creating a cysteine mu-
tant in a pore-lining residue (L35C), they could irre-
versibly, partially block current, as long as the mutated
residue was accessible to MBB. The voltage effects on
Ca2� block of Cx46 hemichannels was consistent with
Ca2� block at a site within the voltage field, i.e., Ca2�

blocked only from the outside at negative potentials
and only from the inside at positive potentials. Using
MBB, they determined that the Ca2� gate must be ex-
tracellular to the cysteine residue at position 35. This
may represent a difference in the Ca2� binding loca-
tion between different channels in the Cx family. On
the other hand, it is possible that position 35, whose ex-
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act physical location is unknown, is toward the intracel-
lular side of the pore. It must be remembered that only
the binding site’s electrical distance is predicted here.
The physical distance over which the voltage drops is
unknown. Finally, we cannot formally exclude the pos-
sibility that there is a gating event that occurs in the
channel that depends on, but is much faster than, the
binding of Ca2�. If this were to occur, then the gate
could be at a site distinct from the actual binding site
for Ca2�.

As stated before, the exact location of the polyvalent
cation binding site in Cx channels may vary from one
family member to another. Unlike hCx37 hemichan-
nels, Cx46 hemichannels clearly show a shift in the ki-
netics of both activation and deactivation with increas-
ing amounts of Ca2� (Ebihara and Steiner, 1993). For
hCx37, we ascribe the observation that only deactiva-
tion is dependent on the concentration of extracellular
Ca2� to a binding site on the intracellular side of the
field, which would predict that only filling of the bind-
ing site would be favored at negative potentials, while
only emptying of the binding site would be favored
at positive potentials. Such experimental observations
have been reported for hemichannels formed by Cx38,
the closest identified orthologue to Cx37 (Ebihara,
1996). If the binding site were not at one extreme end
of the voltage field, then the applied voltage would not
favor filling or emptying of the binding site at a given
potential to the extreme seen for hCx37, and the con-
centration of Ca2� would be expected to affect activa-
tion as well as deactivation rates.

Implications for hCx37 Gap Junction Channel Gating

The question remains: does the gating model for
hCx37 hemichannels apply to gap junction channels
formed by hCx37 or other connexins? The model pre-
dicts that, at rest, hCx37 gap junction channels be-
tween two cells at the same potential would be exposed
to very low concentrations of Ca2� (10�7 M) and con-
centrations of Mg2� (1–2 mM) that approach the IC50

value of 1.3 mM measured for hCx37 hemichannels at
�40 mV. It is important to note that filling of the poly-
valent cation site from the cytoplasm would not require
movement of Mg2� through the voltage field, and,
therefore, the IC50 value that directly applies to this
case would be the IC50 at 0 mV. While this was not di-
rectly measured, the values for kon and koff were con-
stant over the voltage range between �40 and 0 mV
(Fig. 6), so the IC50 value would not be expected
to change significantly. Therefore, at an intracellular
Mg2� concentration of 1.5 mM, �60% of the channels
would be blocked even at rest. Upon application of a
transjunctional voltage, there would be an initial pas-
sage of current through the unblocked channels, pro-
portional to the applied voltage step. This would ac-

count for the immediate, Ohmic rise in gap junction
current upon application of a transjunctional voltage.
Two changes would quickly affect the current. On the
more positive side of the junction, koff for Mg2� would
increase, as would the driving force for cation efflux.
On the more negative half of the junction, the kon for
Mg2� would increase exponentially as a function of
voltage, with no change in koff, causing an increase in
affinity for Mg2� and therefore a greater magnitude of
block, and current would decrease to a steady-state
value. If voltage-dependent block by polyvalent cations
were responsible for hCx37 gap junction channel clo-
sure in response to a transjunctional voltage difference,
the decay rate from the initial current level to steady
state would be affected by the concentration of intra-
cellular Mg2�. Ramanan et al. (1999) demonstrated
that increasing the intracellular Mg2� from 0.08 mM to
10 mM greatly enhanced the rate of gap junction cur-
rent decay. Furthermore, the currents were less volt-
age sensitive in the lower Mg2� concentration, so that
larger transjunctional voltages were required to see a
reduction in current. Both of these observations are
consistent with Mg2� acting as an exogenous gating
particle in hCx37 gap junctional channel, since increas-
ing the Mg2� concentration would increase the quan-
tity kon[Mg2�], leading to faster block and therefore
faster gating of the channel. Finally, in pairs of cells
with asymmetrical Mg2� concentrations, i.e., the cell on
one half of the junction contained 0.08 mM Mg2� and
the cell on the other half of the junction contained 10
mM Mg2�, the current decayed with a time course that
resembled that in 10 mM symmetrical Mg2� when the
10 mM cell was stepped positive and decayed with a
time course resembling that in 0.08 mM Mg2� when the
cell containing 0.08 mM Mg2� was stepped positive.
These results are also consistent with our model, in
which the field would act on cations on the positive
side of the junction, driving them down their electrical
gradient to their binding site.

Other Forms of Gating

Our data suggest that gating of hCx37 hemichannels
does not occur in the absence of polyvalent cations. As
shown in Fig. 2, the macroscopic currents were linear
with respect to voltage under these conditions. The typ-
ical hemichannel gating phenotype was restored upon
introduction of polyvalent cations to the extracellular
medium. The interactions between the voltage field
and polyvalent cations are sufficient to explain the be-
havior of the macroscopic currents. It should, however,
be considered that multiple mechanisms of gating have
been identified for gap junction channels on the mi-
croscopic level (for review see Bukauskas and Verselis,
2004). Single-channel analysis of gap junction channels
has identified kinetically distinct, transjunctional volt-



602 Cx37 Gating by Polyvalents

age-sensitive (Vj) gates that affect current: a fast gate,
which closes the channels to a subconductance state,
and a slow gate, the action of which results in a com-
plete closure. Furthermore, gap junction channels have
been demonstrated to be gated by changes in the mem-
brane potential (Vm) and by the actions of a chemical
gate, which may also be distinct. While we observed no
evidence for multiple gating mechanisms in our macro-
scopic records, single channel recordings will be neces-
sary to determine whether or not these processes still
persist in the absence of polyvalent cations.

Functional Significance

Hemichannels formed by hCx37 have a large predicted
single channel conductance and permeability. It is,
therefore, crucial for unpaired hemichannels to be
closed at rest in order for a cell to maintain proper
ionic gradients and cytoplasmic solute concentrations.
The high extracellular Ca2� concentration, aided by
the resting membrane potential appears to be suffi-
cient to keep hCx37 hemichannels blocked when they
are not paired with a hemichannel in an apposing cell
membrane. Upon pairing, channels no longer are ex-
posed to high extracellular Ca2� concentrations. Cyto-
plasmic concentrations of Ca2� are on the order of 100
nM, too low to inhibit the channels. However, intracel-
lular Mg2� on the order of 1–2 mM is enough to inhibit
some of the hCx37 gap junction channels while still al-
lowing current flow. Other charged cytoplasmic mole-
cules, such as polyamines, which block Cx40 in a
voltage-dependent fashion (Musa and Veenstra, 2003),
may affect channels as well. In general, modulators like
phosphorylation and pH may also regulate intercellu-
lar permeability by altering polyvalent binding. Polyva-
lent cation block is an efficient solution to the problem
of keeping hemichannels closed when unpaired while
allowing them to open when they form gap junction
channels, making voltage and chemical gating in hCx37
hemichannels and possibly other connexin channels
synonymous.
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