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ABSTRACT The gating behavior of human connexin 37 (hCx37) is unaffected by the nature of the bathing monovalent (for
Na, K, Rb). It is modified by [Mg] in the millimolar range. For fitting the kinetics, we propose a simple extension to three states
of the canonical 2-state model of the hemichannel. The extra closed state allows for some immobilization of a hemichannel
at high transjunctional voltages. The model is reasonably efficient at fitting data at various voltage protocols. Interpreting the
fits of the data at different [Mg] is consistent with a binding site for Mg.

INTRODUCTION

Gap junction channels are a conduit for direct intercellular
communication, providing as they do a permeable pore for
ions and small macromolecules. Each gap junction channel
is composed of two hemichannels, with one hemichannel
contributed by each of the two cells that form a coupled
pair. Each hemichannel, in turn, is formed by six subunits,
the connexins. A hemichannel that is composed of identical
connexins is referred to as a homotypic hemichannel and
has a sixfold symmetry axis (Makowski, 1988; Yeager and
Nicholson, 1996). The homotypic gap junctions that are
studied here are composed of human connexin 37 (hCx37).
Of all homotypic gap junctions, the Cx37 channel has the
largest conductance, �370 pS in 135 mM KCl (Veenstra et
al., 1994). The Cx37 channel also gates away from the open
state at low transjunctional potentials. Macroscopically,
there is a component of the conductance that falls off as a
Boltzmann against transjunctional voltage Vj, albeit not to
zero. The Boltzmann is centered at a V0 of �25–30 mV
(Brink et al., 1997; Veenstra et al., 1994).

In this study, we examined the gating properties of the
hCx37 channel. The data and analysis provide evidence for
an additional closed state for the hCx37 hemichannel, with
slow and fairly voltage-insensitive kinetics (of the order of
seconds and a charge of �1⁄2 e) for the transitions to and
from this state.

MATERIALS AND METHODS

Neuroblastoma cells (N2a) transfected with cDNA for hCx37 were used in
all of the experiments described here. The cell line was the same as that
used by Brink et al. (1997). All experiments were performed by the double
whole-cell patch-clamp technique (DWCP) (Neyton and Trautmann,
1985). The pipette solutions that were used in the experiments contained

(in mM) 180 RbCl, NaCl, CsCl, or KCl; 1 CaCl2; 1 EGTA; 1.8 MgCl2; 10
HEPES (pH 7.1). Sometimes an equal mixture of KCl and NaCl was used,
still at a total salt concentration of 180 mM. The bathing solution contained
(in mM) 180 CsCl; 1 CaCl2; 1.8 MgCl2; 10 HEPES (pH 7.1–7.3). In some
experiments the pipette and external bathing media contained 110 mM KCl
rather than 180 mM.

Single and multichannel (microscopic) data were collected and analyzed
as described by Brink et al. (1996). Briefly, the data were stored directly on
videotape and reacquired with a 16-bit A/D converter. Macroscopic data
were collected with the LabMaster board (Scientific Instruments) and the
pClamp software system (Axon Instruments).

All of the records that have been analyzed were obtained by stepping
one cell to various holding potentials while holding the other cell at 0 mV.
Before this, the offset potentials on the patch-clamp amplifiers were
adjusted so that both amplifiers passed zero current at an apparent holding
potential of 0 mV. The records that are analyzed here were all taken from
the cell held at 0 mV. To avoid the problems associated with series
resistance in high-conductance pairs (Wilders and Jongsma, 1992), we
have not studied data sets where the apparent junctional resistance was less
than 50 M� in 110 mM KCl solutions, which is 10–25 times the pipette
resistance in solution (�2–5 M�). This puts an upper limit of �50 Cx37
channels on all of the macroscopic records shown here.

RESULTS

General characteristics of gating

Fig. 1 a shows a typical macroscopic record from a coupled
pair (17 nS). Both pipettes contained 110 mM KCl and 1.8
mM MgCl2. A �10 mV prepulse lasting 1 s is followed by
steps to various junctional potentials from �150 mV to 150
mV in steps of 20 mV for 4 s. This step is followed by a step
of the opposing polarity for another 4 s. As noted by
Nicholson et al. (1993) and Reed et al. (1993), deactivation
of the Cx37 channel has a multiexponential time course,
with a fast component that, in these records, is more volt-
age-dependent than the slower component. Reversing the
voltage polarity invariably produces instantaneous current
peaks that are smaller than the current peaks generated by
steps directly from 0 mV. This is more clearly illustrated in
Fig. 1 b, where the steps are 400 ms long, but the time
resolution is better (1 ms, also from the experiment in Fig.
1 a). The presence of a second, slower component in the
kinetics is evident, even in these smaller time frames.
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Gating is indifferent to the nature of the cation

Fig. 2 is a plot of the normalized conductance G, 4 s after
the onset of the voltage step, against the junctional voltage
Vj, from macroscopic records. Both pipettes contained 180
mM of the monovalent (KCl, RbCl, or NaCl) and 1.8 mM
of MgCl2. The data were normalized to the maximum
conductance observed, which was always at the smallest
potential imposed, usually �10 mV. It would seem that,
regardless of the cation, the G–Vj records are very similar.
The gating of hCx37 appears to be unaffected by the mono-
valent cation type. The average of all of the records was
fitted by the conventional model that assumes two gates in
series, with each gate sensing the applied voltage indepen-
dently, i.e., by an equation of the form

G�Vj� � Gmin

� �G�0� � Gmin�
�1 � eAV0�2

�1 � e�A(V�V0)��1 � e�A(�V�V0)�
(1)

Here G(V) is the conductance at transjunctional voltage Vj,
the parameter A is related to the steepness of activation, and
Gmin is the residual conductance at large Vj. The values of
the best-fit parameters (least square fit) were Gmin/G(0) 	
0.11, A 	 0.078 (z 	 2), V0 	 21 mV.

Microscopic gating data

Fig. 3 a shows a portion of a single-channel record from the
recipient cell (held at 0 mV) with a junctional potential Vj 	
20 mV. The pipettes contained 180 mM CsCl and 1.8 mM
MgCl2. If two channels were present in the patch, there
would be a finite probability (see next paragraph) that they
would open simultaneously; however, no double openings

FIGURE 1 Data from the recipient cell of a double whole-cell patch
recording. The pipettes contained 110 mM KCl and 1.8 mM MgCl2. The
protocols in the two panels are identical except for the time scale. After a
test step (used for normalization) to 10 mV, the potential was stepped in the
range from �150 mV to 150 mV in steps of 20 mV. After 4 s in a and 400
ms in b, the potential was inverted. Note the presence of two time constants
in the relaxation to steady state. The two records are from the same patch.

FIGURE 2 Conductance G at the end of a 4-s step plotted against the
transjunctional potential Vj. The pipette contained 180 mM of the mono-
valent chloride salt XCl (X 	 Na, K, or Rb). The smooth line is the average
over the various data sets. The G–V curve seems indifferent to the nature
of the monovalent. Parameters for a Boltzmann fit to the data (not shown)
are given in the text.
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were seen for the duration of the recording, namely for 64 s.
Fig. 3 b shows the amplitude histogram of the entire record.
This data set is one of five experiments in which a single
channel was observed.

All gap junction channels that have been documented at
the single-channel level share the property of possessing at
least one substate, and often many more. Cx37 shares this
peculiar characteristic; moreover, it rarely shuts to the zero-
current level. Instead, the channel shuts to a substate with a
conductance that is �1⁄4 of the maximum conductance, in
which it remains quiescent for extended intervals. Because
closures to zero current are very infrequent, the discrimina-
tor for idealization of the trace was set half-way between the
open and substate currents. Idealization of the record ac-
cording to the half-amplitude criterion (Colquhoun and Sig-
worth, 1983) yields statistics on the probability density
functions (pdf’s) of the open and closed times and corre-
sponding errors (Dabrowski and McDonald, 1992). Exam-
ination of these statistics by standard methods (same refer-
ences) yields a probability of 6 
 10�12 that there were two
channels in the record and that no simultaneous openings

were seen. We will therefore assume that all activity in the
record arose from the activity of one channel.

Fig. 3 c shows the distributions of closed-time pdf’s in a
Sigworth-Sine plot (Sigworth and Sine, 1987). The closed
pdf (391 sojourns) is fitted by two well-separated exponen-
tials, one with a time constant � 	 8 ms and the other with
� 	 530 ms. Fig. 3 d shows the pdf’s of open times; this is
well fit by one exponential with � 	 112 ms.

Fig. 4 a shows the two closed-time constants and the
open-time constant from five different patches in the range
15 � �V� � 25 mV. Because the gating seems insensitive to
the particular cation, we have merged results from the
analysis of patches containing only one channel with solu-
tions containing different cations (all at 180 mM XCl, where
X is K, Na, or an equal mixture of Na and K). The rate

FIGURE 3 (a) A recording from a single Cx37 channel with both patch
pipettes containing 180 mM KCl and 1.8 mM MgCl2. The amplitude
histogram of the entire 64 s of the record at Vj 	 20 mV is shown in b. The
data were idealized according to the half-amplitude criterion. Pdf’s of the
closed and open times and fits to exponentials are shown in c and d,
respectively, in a Sigworth-Sine plot. Parameters for the fits are given in
the text.

FIGURE 4 Time constants for fits to closed and open pdf’s as in Fig. 3,
c and d, are plotted against transjunctional voltage in a. Because the
channel gating seems to be unaffected by the monovalent (see Fig. 2), data
from experiments with different salts are pooled in this plot. All experi-
ments are with 180 mM of the monovalent and 1.8 mM MgCl2. In a, the
open and filled circles are the short and long closed time constants,
respectively, and the triangles represent the open time constant. The weight
of the fast time constant in the closed pdf is plotted in b. Both the weight
and the individual time constants seem not to depend on the voltage in the
range plotted. The lines in a are the prediction from the model for the time
constants (parameters from Table 1). The solid line and the long dashed
line are the predictions for the long and short closed time constants, and the
short dashed line is the prediction for the mean single-channel open time.
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constants do not seem to be very dependent on voltage in
the range examined, namely from 15 to 25 mV. Fig. 4 b
shows the weights of the two closed rate constants on
voltage; again they do not seem to vary much with applied
potential in the tested range. In sum, five patches at 17
holding potentials with a total of 1469 (closed or open)
sojourns were used in generating the data shown in Fig. 4.

In the single-channel pdf analysis presented so far, we
have excluded all of the long closures characteristic of the
Cx37 channel (Veenstra et al., 1994). These closures are
present even at small junctional potentials and dominate the

gating profile at high Vj’s. The duration of these long
closures varies from a few seconds (5–15) at small Vj’s to
many minutes at potentials greater than �40 mV. Conse-
quently, we have been unable to collect enough meaningful
statistics on their frequency and duration.

Effects of Mg2� on gating

Fig. 5, a and b, show normalized data with 110 mM KCl at
10 mM and 0.08 mM MgCl2, respectively, in 1-s records. It

FIGURE 5 Dependence of Cx37 gating on magnesium concentration. All panels show data sets of 1 s duration collected with the same protocol as in
Fig. 1, and with 110 mM KCl in the pipette. a and b are from recordings, where both pipettes had 10 mM and 0.08 mM MgCl2, respectively. c is from
a recording where one of the patch pipettes (the recipient) had 0.08 mM and the other (stepped) pipette had 10 mM MgCl2, and in d the MgCl2
concentrations in the stepped and recipient cells are reversed from c. The presence of Mg2� apparently modulates the voltage inactivation in a fashion that
is most clearly seen at a Vj of 30 mV.
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would appear that changing the Mg2� concentration has a
pronounced influence on the kinetics at 400-ms step dura-
tions. This is especially visible in the current responses at a
Vj of 30 mV, where the 0.08 mM Mg2� pair is very
insensitive compared to the deactivation observed when the
Mg2� concentration is 10 mM. In all experiments where the
0.08 mM Mg2� pipette solution was used, this effect was
observed (five patches at 110 mM KCl and 0.08 mM
MgCl2; four patches at 110 mM KCl and 10 mM MgCl2).

To ensure that this effect of Mg2� did not arise from
artifacts, data were collected from pairs where one pipette
had 10 mM MgCl2 and the other had 0.08 mM MgCl2 (Fig.
5, c and d, two different cell pairs). Such data display a
pronounced asymmetry, with kinetics that resembles the
records from the 10 mM Mg2� pair of Fig. 5 a when the 10
mM Mg2� cell is stepped positive. Similarly, the kinetics of
the asymmetrical Mg2� records in Fig. 5, c and d, resemble
the low-Mg2� (0.08 mM) record when the low-Mg2� cell is
stepped positive. The data shown are consistent with the
positive cytoplasmic polarity assigned to Cx37 hemichannel
voltage gating in the homotypic configuration (White et al.,
1994). In all of the macroscopic experiments with asym-
metrical Mg2� (n 	 4 with 10 mM/0.08 mM; n 	 10 with
1.8/0.08 mM), similar asymmetry was observed.

Substate gating

At elevated salt concentrations (270 mM KCl at Vj of 40
mV; Fig. 6) or at high transjunctional voltages (data not
shown; Vj � 100 mV), records in low-conductance pairs
show transitions from the subconductance to the completely
closed state. Moreover, many of these transitions seem to be
fast enough to appear instantaneous when the data are
reacquired at a low-pass filter setting of 1 kHz and sampled
at 50 �s. Residual states thought to be distinctly different
from other subconducting states in gap junction channels by
virtue of their slower gating kinetics to the ground state or

Ij 	 0 pA have been reported (Bukauskas and Weingart,
1993). These data do not contradict the slow transitions but
clearly show that rapid transitions to the closed state occur.

A SIMPLE MODEL OF CHANNEL GATING

The pdf’s for the closed state in Fig. 4 a demonstrate that at
least two closed states are necessary to model the fast
transitions in the channel, and an additional third closed
state is needed for the extremely long closures (seconds
long). This is evident in the macroscopic records as well,
where the two time constants needed to fit the time course
(Nicholson et al., 1993) demonstrate that there are at least
three significant kinetic states (including the open state(s))
of the channel. On the other hand, a single exponential is
sufficient for the pdf of the channel openings.

Further evidence for a second significant closed state
comes from macroscopic records like those in Fig. 1. In
these records, after application of a given potential for a
certain time (400 ms or 4 s), the transjunctional voltage is
reversed to the opposite polarity. Examination of the instan-
taneous current after such a polarity flip shows that the
magnitude of these currents is always smaller than the
instantaneous currents that arise when the voltage is stepped
from 0 mV. This aspect of the data can be accounted for by
another closed state.

The canonical model for hemichannel gating (Harris et
al., 1981) has the kinetic scheme C–O. Based on the previ-
ous discussion, we propose an extension of this scheme with
the following model:

Oª
	




Cº
kb

ku

B (2)

for a hemichannel. Then the rate constants 	 and 
 that
connect the O and C states are the analogs of the open and
closed states in the conventional scheme. The ratio of the

FIGURE 6 The Cx37 channel substate
transits to complete closure at elevated salt
concentrations (270 mM KCl at Vj of 40
mV). The inset shows the transitions to
zero current (actually 0.2 pA or a conduc-
tance of 5 pS) in a faster time scale, with
the data filtered at 1 kHz and sampled at
50 �s. The transitions seem to occur in a
time less than 100 �s (dead time 	 180
�s).
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voltage dependence of these two rate constants is that which
appears in traditional modeling of G–V curves. We will
assume that their dependence on voltage will account for the
fast gating, i.e., for that part of the gating that occurs in the
vicinity of Vj � 30 mV. To account for the slow gating that
occurs at large Vj, the rate constants kb and ku between the
C and B states will be slower and, moreover, will be less
dependent on Vj. Because these rate constants between B
and C are slow, some of the hemichannels will be immo-
bilized in the B state upon prolonged voltage steps and will
open much more slowly upon voltage polarity reversal than
hemichannels in the C state. This latter feature should then
account for the drop in instantaneous current upon reversal
of the voltage seen in the data (Figs. 1 and 5). All of the rate
constants in the model are assumed to have an exponential
dependence on voltage. Explicitly,

	 � � exp��A�Vj � V0��


 � � exp��B�Vj � V0�� (3)

kb � kb
0 exp�zbVj�)

ku � ku
0 exp�zuVj�

In the model presented here, furthermore, the states de-
noted by C and B are assumed to have a conductance equal
to the substate conductance Gs. This finite conductance of
the supposedly closed state C (or B) is a feature of all gap
junctional modeling (as implied by, e.g., Eq. 1). Such a
peculiarity is necessitated by the observation that all gap
junction channels have a nonzero steady-state macroscopic
conductance at transjunctional voltages far removed from
the half-activation voltage V0. To account for the substate
closures to complete zero at high voltage in Cx37 (see
previous section), we could add more closed states with zero
conductance connected to the B state. We have mimicked
this by simply assuming that the apparent conductance of
the B state tapers off with voltage to zero from a maximum
equal to the substate conductance in accordance with the
relation

G�B� � Gs � ku/�ku � kb� (4)

This reflects an equilibrium of the state B (the true conduc-
tance of which equals the subconductance Gs) with another
closed state with zero conductance that does not otherwise
enter explicitly into the model. The relationship assumes
that the equilibrium constant between this anonymous
closed state and the B state is then identical to the equilib-
rium constant between the C and B states.

The complete channel is modeled as two hemichannels,
each of which follows the kinetic model in Eq. 2, though
with opposing sensitivities to voltage. The complete kinetic
scheme for the channel then has 32 	 9 states, and the
conductance of each of these 9 states is computed from the
conductances of the corresponding kinetic states of the
individual hemichannels (in series).

Published data on the same system (Veenstra et al., 1994)
have demonstrated direct transitions between the open state
and the ground or zero-conductance state. We have also
observed similar transitions in the data that we have ana-
lyzed here. Such transitions are quite rare, however, and we
have seen only five such transitions in the course of ana-
lyzing 40 min of data where there was exactly one channel
in the patch. However, the linear model presented above
precludes such direct transitions, with the open channel
needing to traverse two subconductance states before clos-
ing completely to the ground state. We have not attempted
here to account for this feature of the data because of the
low frequency of events that pertain to this point. Never-
theless, it would not be surprising if additional (closed)
states or pathways are necessary for a full description of the
channel.

There is another point that we wish to address before
describing the results obtained from the model above. In
their classical description of gap-junction gating, Harris et
al. (1981) provided two descriptions of the data. The first is
that the two (hemichannel) gates of the channel function
independently, with each following a C–O scheme. Apart
from extending this two-state scheme to a three-state model,
we have adhered to this prescription of independence in Eq.
2. As noted above, this extension is needed to account for 1)
two-exponential macroscopic kinetics, 2) the two time con-
stants for the single-channel closed pdf, and 3) reduction of
the instantaneous channel current on voltage polarity rever-
sal. In a second model, Harris et al. (1981) proposed that the
two gates need not act independently, denoting such a
mechanism as a “contingent gating” model. They further
proposed a specific mechanism for contingent gating,
namely that an open gate cannot close unless its partner gate
is also open. Although we cannot rule out contingent mech-
anisms in general, we can show that the specific realization
proposed by Harris et al. (1981) does not explain the data
that we present here. Namely, we may observe in Figs. 1
and 5 that there are instances where the currents elicited by
an initial pulse to Vj and by a pulse to Vj from �Vj do not
intersect. A specific example is also shown in Fig. 7 d (the
same as Fig. 7 a at 150 mV), where the lighter lines are the
current traces when the polarity is reversed. As noted in the
original paper, this specific contingent-gating model re-
quires, however, that the two curves intersect. We will also
note that more detailed modeling of the full contingent
gating model of Harris et al. (1981) (along the lines pre-
sented below) shows that that model does not statistically fit
the data as well as the model in 2 (results not presented
here).

The three-state model allows for an analytic solution of
the time course; this solution is presented in the Appendix.
This enables rapid prediction of the change in current for an
ensemble of channels with a given set of parameters. The
square of the difference between the data and the fit was
used as the value to minimize; the actual minimization
(Levenberg-Marquardt optimization) through parameter
variation was done by using the FDJAC subroutine from
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LINPACK (Dongarra et al., 1988). Different initial param-
eter values were tried to ensure that the optimization pro-
gram explored various parts of the complex parameter sur-
face and did not get trapped in a local minimum. Although
we cannot be sure that the resultant parameter values are
indeed the global minimum, they represent the best fits to
the data, and as Fig. 7 demonstrates, they seem to fit various
aspects of the channel kinetics quite well.

Fig. 7 a shows the best fits of the macroscopic records
overlaid with the original data (reproduced from Fig. 1 b).
These records were obtained with the usual reversing pro-
tocol (defined in the legend to Fig. 1). Data obtained with a
different protocol from the same pair are also illustrated in
Fig. 7, b and c. In this protocol, the voltage was stepped to
a high Vj for various times and then stepped back to a
constant potential of �20 mV. The rationale for this proto-

FIGURE 7 Fits of the model to the data. (a) Data acquired with the usual protocol, as described in the legend to Fig. 1 (1.8 mM MgCl2). (b and c) Data
from the same patch with a different protocol; the potential was stepped to �150 mV (in b) or 150 mV (in c). After various times at this potential, the
potential was stepped to 20 mV. These protocols allow a better estimation of the slow time constants of recovery (to the open state) of a hemichannel. The
solid lines in both panels are the results of the best fits obtainable with the model. (d) A replot of the data in a at 150 mV; however, the traces upon polarity
reversal (in light lines) are superimposed on the traces on the direct step. The contingent model requires that the two traces intersect for all polarities; this
is not true of the top trace. The reason that the traces are not similar for the two polarities is due to a small offset.
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col was to unmask the slow unbinding from the extended
closed state B. Upon stepping to a small potential (20 mV),
where the channel is mostly open, from potentials where
some fraction of channels are in the state B, the increase in
current to the steady state allows more accurate estimation
of the backward rate constant ku.

Results of such fitting to various data sets are shown in
Table 1. The rate constants kb and ku from the C to the B
state are both smaller and less voltage sensitive than the rate
constants for the O–C transition, in accordance with the
design of the model. The parameters that are statistically
different from the low to the high Mg2� concentration (at
110 mM) are �, V0, and zu. In fact, increasing the Mg2�

concentration apparently increases V0, but this is more than
offset by the change in �. This latter change reduces the
activation energy barrier between the O and the C states
(given by kT log(�)) enough to decrease the latent time
before the channel enters the long closed or B state. This is
illustrated further in Fig. 8, where the two macroscopic
hemichannel time constants of decay (as computed from the
average model parameters in Table 1) are plotted (as lines)
against Vj for both low and high Mg2� in panels a and b,
respectively. The reduction in � is reflected in the lowering
of both time constants at high Mg2�; this change over-
whelms the slight shift in the curve due to changes in V0.
We wish to note further that the asymmetrical Mg2� records
such as those shown in Fig. 5, c and d, were also fit by the
parameters from the symmetrical records in Table 1.

The symbols in Fig. 8 are the time constants obtained by
a fit of the data used in Table 1 to a sum of two exponentials
and a baseline. This is a five-parameter fit; the parameters
are the baseline amplitude and the amplitude and time
constants of the two exponentials. The various parameters,
but especially the three amplitudes, produced by such fitting
will not have any consistency across various potentials in a
single data set, and the resultant time constants will not have
a unified interpretation, as contrasted to time constants from
a kinetic model. Nevertheless, the long time constants from
these free fits have a trend similar to the predictions of the
model.

For 10-s-long records at 180 mM KCl, the parameters in
Table 1 that are different (statistically) from their counter-

parts for shorter times are kb and ku. Because these partic-
ular rate constants reflect slow immobilization of the chan-
nel in state B, this is in accordance with the observation of

TABLE 1 Best fit parameters

� A B V0 kb zb ku zu Gs/G

110 KCl
0.08 MgCl2
n 	 5, 1 s 2.06 � 1.14 0.17 � 0.08 �0.045 � 0.012 31 � 2 0.5 � 0.5 0.018 � 0.003 7 � 5.7 �0.01 � 0.002 0.4 � 0.08

110 KCl
10 MgCl2
n 	 4, 1 s 5.16 � 1.45 0.18 � 0.16 �0.051 � 0.011 37 � 2.5 1.24 � 0.2 0.017 � 0.002 7.9 � 2.9 �0.0065 � 0.003 0.4 � 0.04

180 KCl
2 MgCl2
n 	 4, 10 s 2.08 � 0.62 0.13 � 0.1 �0.064 � 0.016 36 � 10 0.28 � 0.08 0.018 � 0.011 1.6 � 0.9 �0.018 � 0.013 0.41 � 0.12

All values are shown as mean � SD. n is the number of experiments for the particular condition.

FIGURE 8 Predictions from the model of the dependence of the mac-
roscopic time constants with voltage for two different concentrations of
[Mg] at 110 KCl are shown in a and b by solid lines. The parameters for
the predictions are taken from Table 1. The two solid lines are the two
predicted time constants expected for the postulated three-state model. The
filled and the unfilled symbols are the means (over data sets) of the short
and long time constants obtained by fitting the data to a sum of two
exponentials and a constant. Such fits are not constrained to be consistent
across various potentials in any single data set (see text). The change from
a to b in the predicted time constants with [Mg] is attributable primarily to
the change in the parameter � with [Mg]. The parameter � is related to the
height of the activation barrier between a closed (C) state and the open state
of the model.
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extremely long closures at high Vj’s in single-channel
records. We have also used the model parameters in Table
1 (at 180 mM) to predict the single-channel open and closed
rate constants by the methods given by Colquhoun and
Hawkes (1983). The predictions of the model are the lines
in Fig. 4 (solid and long dashed lines for the closed time
constants, short dashed line for the open time). The most
prominent disparity is that for the shorter closed times. The
predicted fast closed time constants rise steeply with volt-
age, as contrasted with that observed, which has a compo-
nent that is roughly constant both in duration (10 ms) and in
weight contributed to the closed pdf (0.8–0.9) in the range
15 � Vj � 30 mV. Accounting for the discrepancy in the
brief closures clearly requires an additional closed state,
perhaps connected directly to the open state, as in models of
the Shaker channel (Sigworth, 1993). Indeed, adding a
closed state (denoted by F) with a lifetime of 10 ms con-
nected directly to the open state (with O to F rate of 1/(150
ms)) yields a prediction for the closed single-channel pdf’s
that is close to that observed, both for the time constants and
the weights.

Nevertheless, there is a difference between the voltage
dependence of the single-channel pdf’s and the macroscopic
data. This difference is independent of the particular model
used here. The open and closed times of the single-channel
data in Fig. 4 do not show much variation over the range
15 � Vj � 25 mV; this is different from the macroscopic
data, which show deactivation at the higher end of this range
(G(30 mV)/G(0)�0.4; see Fig. 2). We have no definite
reason for this, but there are at least three possibilities: 1) As
noted before in the section Microscopic Gating Data, long
closures (10 s) are excluded from the closed pdf’s. These
closures would contribute to the macroscopic deactivation
in 10-s records. However, collecting single-channel statis-
tics on the long closures has proved difficult. 2) It is also
possible that there is very slow depletion into the pipette of
intracellular molecules of high MW that affect channel
activity. 3) There is hetererogeneity or mode-shifting be-
havior in Cx37 channel gating, as has been noted for Cx43
(Brink et al., 1996). Such depletion may have effects that
manifest themselves in long-duration single-channel records
but not in macroscopic records. There is one possible
method for elucidating the real reason for the differences in
the data obtained by the two methods. This would involve
repeated application of macroscopic protocols in one-chan-
nel patches and comparison of the averaged currents from
these records to the macroscopic currents. The needed sta-
bility remains an experimentally difficult problem in the
DWCP methodology.

We also tried a different hemichannel scheme of the form
C–O–B but were unable to fit the kinetics well with this
scheme, especially the slow macroscopic time constant and
the behavior on voltage polarity reversal.

DISCUSSION

The gate in Cx37 is indifferent to the monovalent ions, has
at least two closed states, and is influenced by [Mg]. Based
on these observations, we have proposed a model of hCx37
gating that extends the canonical model of connexin gating
(Harris et al., 1981). For Cx37, several investigators (Ni-
cholson et al., 1993) have previously noted aspects of gat-
ing, most prominently in macroscopic records, that are
inconsistent with the original model. Indeed, even for an-
other connexin (rCx43), there is evidence (Brink et al.,
1996; Banach et al., 1999) that the simple canonical model
does not explain several facets of the data. The model that
we propose is the simplest possible extension in that it has
only three kinetic states for each hemichannel. It also takes
explicitly into account the prominent substate that Cx37
resides in at low junctional potentials. The model makes
some specific predictions, for example, that the change in
kinetics with added [Mg] is predominantly due to a change
in �, which probably implies a binding site for Mg2�, as
opposed to a nonspecific screening effect that would only
change V0. At the least, the model presented here can be
seen as more accurate than the canonical model in encap-
sulating the data from Cx37.

Magnesium concentrations in cells typically fall in the
range of 0.2–2 mM (Birch, 1993). Because modulation of
Cx37 gating occurs in this range, it is possible that there
may be some physiological relevance to this effect. Such a
hypothesis, of necessity, would need to be tested by meth-
ods that do not disrupt the internal cell milieu as drastically
as does the whole-cell patch (e.g., a permeabilized patch).

APPENDIX

The time constants and the weights are solved by the usual formalism
(Colquhoun and Sigworth, 1983). We present only the results. Define the
auxiliary quantities

�2 � �	 � 
 � kb � ku�
2 � 4	kb

R �
2�	 � kb� � 
 � ku

� � 	 � kb

R
 �

 � ku

� � 	 � kb

S0 �

kb


kb � 	ku � 
ku
(5)

S1 �

ku


kb � 	ku � 
ku

S2 �

�ku � 2kb�


kb � 	ku � 
ku

S3 �
ku�
 � 2	�


kb � 	ku � 
ku
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S4 � �S2 � S3�/2, S5 � 1 � S1 , S6 �
1
2�1 �

	 � kb

� �
Then the eigenvalues are

�0, ��	 � 
 � kb � ku � ��/2,

��	 � 
 � kb � ku � ��/2� (6)

and the corresponding eigenvectors are

�ku/kb , �	ku�/�
kb�, 1�

�R
, �1 � R
�/2, ��1 � R
�/2� (7)

�1, ��1 � R�/2, ��1 � R�/2�

The inverse eigenvectors are useful for computation and are given below:

�S0 , S0 , S0�,

S6��S2 � S3�/2 � �1 � S1�R, S2 � S1R, �S3 � S1R�
(8)

S6�1 � S1 � �S2 � S3�R
/2, �S1 � S2R, �S1 � S3R�
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