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Abstract

The role gap junction channels play in the normal and abnormal
functioning of the vascular wall is the subject of much research. The
biophysical properties of gap junctions are an essential component in
understanding how gap junctions function to allow coordinated relax-
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ation and contraction of vascular smooth muscle. This study reviews
the properties thus far elucidated and relates those properties to tissue
function. We ask how biophysical and structural properties such as
gating, permselectivity, subconductive states and channel type (het-
eromeric vs homotypic vs heterotypic) might affect vascular smooth

muscle tone.

Introduction

In vascular smooth muscle the role that
gap junctions play is integral among a num-
ber of other processes and parameters influ-
encing tissue function (1-4). The ultimate
tissue function, however, is coordinated re-
laxation and contraction of the many cells
within the wall of any particular vessel. Ulti-
mately, the major factors which influence
such coordinated tissue behavior are neu-
ronal innervation density, cell to cell com-
munication and cellular excitability (1,5-7).
As vascular smooth muscle cells do not tend
to generate action potentials, innervation
density and gap junction-mediated commu-
nication become paramount as potential regu-
latory sites. The former parameter is the

subject of modeling strategies which rely on
gap junction-mediated communication to
produce tissue responses to stimuli which
mimic reality (8,9). For this reason, the bio-
physical characteristics of gap junction chan-
nels in vascular smooth muscle and associ-
ated vascular wall cells, such as endothelial
cells, should be elucidated. In particular, for
example, are there gap junctional properties
which lend themselves to dynamic regula-
tion? How many gap junction channels are
needed to allow cells to act syncytially? What
types of gap junction channels are present in
the vascular wall? Is it possible that hybrid
channel types exist in vascular smooth
muscle, and if so, would their presence affect
tissue function? These issues are considered
herein.
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Results and Discussion

Generic gap junction channel types in
vascular tissues

The subunit protein of any gap junction
channel is the connexin and in vascular
smooth muscle connexin43 (Cx43) is the
most abundant, followed by connexin40
(Cx40), connexin45 (Cx45) and possibly
connexin37 (Cx37) (1,10-12). Endothelial
cells are also able to co-express Cx43, Cx40
and Cx37, the latter being the most abundant
in situ (see 1 for review).

The putative presence of multiple con-
nexin subtypes in a given vascular smooth
muscle cell has potentially important physi-
ological implications. For example, there are
three types of gap junction channels possible
when more than one connexin is being ex-
pressed in the same cell. They are as follows:
1) a homotypic gap junction channel com-
posed of 12 identical connexin subunits, 2) a
heterotypic gap junction channel where all
the connexins of one cell are identical but
different from the connexins of the adjacent
cell, and 3) the heteromeric gap junction
channel where the connexins in any one cell
are not identical within a hemichannel. In
the case of vascular smooth muscle cells the
dominant connexin is Cx43. Therefore, we
will focus our discussion on properties of
homotypic gap junction channels composed
of Cx43, Cx40, Cx45 and Cx37. Further we
will compare homotypic Cx43 and Cx37 to
the in vitro documentation of Cx43-Cx37
heterotypics and heteromerics. The relevant
properties to be described are gating and
permselectivity.

Homotypic gap junction membrane voltage
dependence

In general, all mammalian homotypic gap
junction channels display symmetric voltage
dependence. Because of its ubiquity we will
first characterize Cx43 homotypic gap junc-
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tion channels and subsequently compare their
behavior to Cx37, Cx40 and Cx45 whenever
possible. In this regard, the instantaneous
junctional current for Cx43 is linear over a
large voltage range. Transjunctional voltage
steps of sufficient amplitude and duration
cause junctional currents to decline with
time, resulting in a steady-state conductance
which is a fraction of the instantaneous con-
ductance. The time course of the voltage-
dependent behavior is of the order of hun-
dreds of milliseconds to seconds (13). Cx43
shows relatively symmetric voltage depend-
ence but has different voltage sensitivity
relative to Cx37. That is, the point on the V;
axis where junctional conductance is 50% of
the maximum (i.e., V,) is approximately 25-
30 mV for Cx37 and 70-85 mV for Cx43
(12,14,15). Cx40 has a V, in the 40 mV
range, while the V, for Cx45 has been
reported to be 20 mV (16). Such observa-
tions emphasize that, with the possible ex-
ception of Cx45, the voltage sensitivity of
connexins in vascular wall cells is not likely
to effect dynamic changes in intercellular
coupling.

Analysis of the junctional gating over
many seconds to minutes has revealed, in the
case of Cx43, another wrinkle to gating, and
that is mode shifting. The process has been
described in detail (13). Two important fea-
tures must be considered here. First, the time
course to reach steady state was of the order
of 60 s or longer, and second, the mechanism
could not be explained as a simple reduction
of'mean open time or increase in mean closed
time for an identical population of channels.
Rather, a large portion of the channel popu-
lation (90%) underwent a shift to prolonged
silence (prolonged closure) leaving only a
small population of functional channels. The
process was reversible. Again, this is a volt-
age-dependent process and the magnitude
and duration of the voltage steps (30-50 mV,
with durations of many seconds) seem to be
outside the physiologically useful range.
However, it should be pointed out that if this
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process is modified or driven in the presence
of physiologically important ligands/intra-
cellular messengers, such as cAMP or P, it
could well be a regulatory point with great
dynamic range. This latter postulate has yet
to be experimentally tested, let alone shown
to be functional under physiological condi-
tions. Mode shifting has not been character-
ized for Cx37 but has been demonstrated in
AT7r5 cells which co-express Cx40 and Cx43
(He DS, personal communication). Thus,
voltage-dependent gating, a common prop-
erty of all the vertebrate connexins thus far
studied, seems to be an unlikely tool for cells
to utilize in order to affect dynamic alter-
ations in cell to cell coupling mediated by
gap junctions. Whether ligand gating, linked
with processes such as mode shifting, might
be able to provide dynamic behaviors that
are physiologically relevant to the vascular
wall cell has yet to be determined.

Homotypic gap junction channel
conductance

The unitary conductance for Cx43 is 90-
120 pS (13,17- 20). Table 1 lists the unitary
conductances for all four connexin types
found in the vascular system. The different
unitary conductance values imply that dif-
ferent permselectivity properties may exist
for distinct connexins. What becomes im-
portant then, is determining if differential
conductance values translate into vessel-spe-
cific behaviors of the vascular wall, such as,
for example, propagated vasodilation or con-
striction (21).

Subconductive states: are they
physiologically relevant?

All gap junction channels thus far stud-
ied have displayed subconductive states. One
common feature is the predominance of sub-
conductive states with large transjunctional
voltages, the classic example of this being
Cx37 (22) and Cx43 (24). The observation

that the permselective properties of the sub-
conductive states are very different from the
main state conductance has given rise to
much speculation. For example, if the sub-
conductive state is the dominant one in terms
of dwell time, then it would necessarily fol-
low that the permeation rates of solutes seek-
ing transit from cell to cell would be quite
dependent on the nature of the subconducting
state(s). However, before even addressing
the permselective properties, the first ques-
tion answered must be how much of the open
time is dominated by subconductive states.
Ifthe dwell time in any given subconductance
state is significant (10-20% or greater?), then
the permeation characteristics of the distinct
subconducting states become of interest. For
Cx43, Christ and Brink (24) have deter-
mined that the occupancy time of the sub-
conductive state(s), for a transjunctional volt-
age of 40 mV, is less than 2% for a channel
whose open probability is on the order of 70-
90%. In this case, even if the permselectivity
of the subconductive state is dramatically
different from the main state it would seem
hardly relevant to macroscopic tissue behav-
ior with such a low occupancy time. Con-
versely, if gap junction channels are driven
into subconductive states by interaction with
ligands, or alterations in second messenger
levels, such that for the majority of the open
time the conductive and permeation rates
are dictated by the subconductive state,
then this property of gap junction channels
would have very telling affects on tissue
function.

Table 1 - Unitary conductance of the four connexin
types found in the vascular system.

Connexin Unitary conductance Reference
(picoSiemens, pS)

Cx37 350-400 22,14

Cx40 160 23

Cx43 90-115 13,19

Cx45 25-30 16,18
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Figure 1 - A, Selectivity sequence
of Cx43 for cations and anions
taken from Wang and Veenstra
(20). Unitary conductance is plot-
ted against equivalent conductiv-
ity (cm2/Ohm). The triangles rep-
resent unitary conductances
measured with different anions,
with K* as the cation. The circles
are unitary conductance meas-
ured with different cations, with
ClI- as the anion. The lines repre-
sent the linear regression fits to
the data points. The thick solid
line is the fit for the anions while

Channel permselectivity: its role in tissue
physiology

The homotypic Cx43 gap junction chan-
nel has been studied the most with respect to
permselectivity. A recent study by Wang and
Veenstra (20) delineated the permeability of
Cx43 to monovalent cations. The analysis
revealed that homotypic Cx43 is non-selec-
tive, and based on comparison of unitary
conductance, follows an Eisenmann series |
or II sequence (25), i.e., Rb = Cs>K>Na>
Li>TMA>TEA. The anion series also shows
a proportionality between mobility and uni-
tary conductance. Hence Cx43 appears to be
very poorly selective and falls into the cat-
egory of Porin OmpF (26-28) which itself is
permeable to both cations and anions. How-
ever, it should be noted that the porins have
no sequence homology with the connexins.
Cx40 follows the same cation sequence, but
has a very different anion sequence as that
described for Cx43 and Cx37. In fact, uni-
tary conductance was slightly decreased with
increased ionic mobility, indicating that Cx40
is much less anion permeable and/or that the
cation-anion environment surrounding or
within the channel affects the selectivity
filter(s). If this latter case is in fact true, then
more detailed analysis will clearly be neces-

sary.
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Figure 1A shows two data sets taken
from Wang and Veenstra (20) for Cx43 where
unitary conductance is plotted against the
cation mobility of the major cation in the
pipette solution when CI is the major anion
(circles). Unitary conductance was also plot-
ted against anion mobility (triangles) where
the major cation is K. The solid lines repre-
sent linear regression fits of the data. The
thicker of the two lines represents the anion
data where the Y-intercept denotes the re-
sidual cation conductance of 41 pS. The
thinner line represents the cation data where
the Y-intercept is the residual anion conduc-
tance of 27 pS. Figure 1B represents the
same analysis for Cx40. The circles repre-
sent cation data for Cx40 and the triangles
anion data. The homotypic Cx43 seems to be
a highly non-selective channel where ionic
mobility is the rate limiting factor for perme-
ation. For homotypic Cx40 the data imply an
interaction between highly mobile anion spe-
cies and cations which hampers cation tran-
sit through the channel. In fact, as the anion
mobility declines the unitary conductance
increases, indicating that some interaction
between cation and anion in Cx40 channels
could be occurring (23).

Data for Cx37 are shown in Figure 2
which reveals a potential hazard to the con-
ventional interpretation for such data. Spe-
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the thinner line is for the cations. The y-intercept for the anions represents the conductance due to K* (41 pS) while the y-intercept for the cation data
represents the CI- conductance (27 pS). B, Cx40 taken from Beblo and Veenstra (23). The analysis is the same as that for Cx43. With constant K* as the
anion species, increases in size and decreases in mobility resulting in increased channel conductance imply a cation/anion interaction for the more
mobile anions which reduces conductance. The y-intercepts again represent the cation conductance (171 pS) and anion conductance (8 pS),

respectively.
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cifically, note that the y-intercept is -49 pS,
the theoretical Cl conductance. Such behav-
ior predicts that the unitary conductance vs
cation/anion concentration will be non-lin-
ear in the mM range. This has been shown to
be the case for Cx37 (29) and is a ready
explanation for the aberrant Y-intercept.

For some connexins the permselectivity
properties might be dramatically altered by
the ionic environment. Gap junction mem-
brane conductance is known to be modu-
lated by a number of molecules which also
are able to diffuse through the gap junction
channel (30). For example, hydrogen and
calcium ions are two species which cause
the channel to gate closed in sufficiently
high concentration, but in turn both are able
to diffuse through the channel at concentra-
tion ranges normally found in cells (31,32).
It could be that cation and anion species also
affect gap junction channel gating as well as
the permeation path. There is now evidence
for the supposition that the concentration of
monovalents affects the gating of Cx43
through a screening mechanism (29). But for
Cx37 homotypic gap junction channels the
monovalent cation species has no detectable
effect. Rather, Mg?" is effective in altering
the kinetics of the voltage dependence (33).
However, with respect to Cx37, there are
still no data available on the screening ef-
fects and/or the binding of specific sites on
the permeation path.

Another technical approach which has
been utilized to document the poor selectiv-
ity characteristics of gap junctions is the
transfer of fluorescent probes. Few attempts
have been made to quantify transfer rates,
but dye transfer has been demonstrated for
the majority of the mammalian connexins. In
one study the transfer of carboxyfluorescein
and dichlorofluorescein was shown for Cx45,
Cx43, Cx40 and Cx37 (18). Millimolar a-
mounts of dye were introduced into one cell
of a pair via a whole cell patch. After 10 min,
fluorescence was monitored. Cell pairs were
scored either as having transferred probe to

the adjacent cell or not. The junctional con-
ductance was also determined. For all the
connexin types studied, the minimal con-
ductance for observing dye transfer was in
the 2-5 nS range. These data indicate that
many, if not all, connexins are capable of
passing both cations and anions of some size
and charge. At issue is not the poor selectiv-
ity but rather the permeation rates necessary
to allow specific messenger molecules to
activate/inhibit whole groups of cells. This
latter point is very important to answer if we
are going to be able to understand the role of
gap junctions in non-excitable tissue rather
than continue to have speculation as the sole
basis of further investigation.

Are heterotypic or heteromeric channel
forms important to function?

An interesting issue which has yet to be
addressed with regard to permselectivity is
whether or not heteromeric and/or hetero-
typic biophysical properties are sufficiently
different from homotypic channels. Suffi-
ciently different, that is, to affect the cell to
cell diffusion of critical substances able to
trigger/alter cellular responses. In the vascu-
lar wall this is of particular interest because
of the connexin co-expression that occurs in
endothelial and vascular smooth muscle cells.
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Figure 2 - Measured unitary con-
ductance for Cx37 with various
cations, with Cl- again remain-
ing constant. The data indicate
that the CI- conductance is a
negative number. This illustrates
that the analytical approach used
has limits. It implies that chan-
nel ion interactions could play a
role in determining the nature of
the permselectivity and that dif-
ferent ionic conditions will yield
different permeation rates for
the same ion. TMA, Tetramethyl-
ammonium.
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A question which has yet to be answered is
the gap junction types which are present in
co-expressing cells in situ. Heterotypic and
heteromeric channel types have been dem-
onstrated in vitro, implying that the same
types of channels could form in sifu (14,34).
In this regard, it becomes obvious that
permselectivity measurements of the hetero-
typic, heteromeric and, to a lesser extent,
homotypic channel types in situ are not go-
ing to be readily available in the near future.

Dye transfer between cells co-expressing
connexins has been documented in situ (35)
but quantitative analysis has not been forth-
coming to allow comparison with cells ex-
pressing a single connexin. An interesting
observation made by Little et al. (35) was the
lack of dye transfer from smooth muscle
cells of the tunica media to endothelial cells
in the tunica intima. The reverse transfer
(from endothelial to smooth muscle cells)
was demonstrable. This type of result might
well be best explained as one of the two cell
types representing an infinite sink, the clas-
sic example of this phenomenon being that
illustrated by Rae et al. (36).

In vitro studies of Cx43 and Cx37 have
shown that Cx43 and Cx37 form heterotypic
and heteromeric channels along with homo-
typic forms (14). The most notable param-
eter which was different in cells co-express-
ing Cx34 and Cx37 was a broadening of the
V,. The second feature was the occurrence
of channel conductances that could not be
explained as heterotypic or homotypic. The
different conductive states imply, as indi-
cated before, different permselectivity prop-
erties. This observation points to the issue
already raised, i.e., that even if the permse-
lectivity is different, is it different enough to
affect tissue physiology? There is a second
perplexing problem. In a given vascular tis-
sue co-expressing distinct connexins, what
population of channel types are there? What
fraction of the total number of channels is
homotypic, heterotypic or heteromeric? With-
out this information it is impossible to quan-
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tify the role that the three generic gap junc-
tion types might play in normal and abnor-
mal tissue physiology.

Conclusions and clinical relevance

The major role played by intercellular
communication through gap junctions in
modulating vasomotor tone throughout the
vascular tree has been discussed in detail
elsewhere (37,38). The implication for this
report is that it follows naturally that since
gap junctions play such a critical role in
maintaining circulatory homeostasis, they
are logical molecular targets for vascular
disease, and as such, for vascular therapy.
However, it should be emphasized that there
are currently no published reports that have
either confirmed or denied a direct proximal
role for gap junctions in vascular disease.

More specifically, it is easy to imagine
how increased intercellular coupling, for
example, among vascular smooth muscle
cells might contribute to the pathology of
diseases that involve heightened contractil-
ity/impaired relaxation of the vascular smooth
muscle cell (i.e., hypertension, Raynaud’s
disease, coronary artery disease, erectile dys-
function, etc.). In other words, an increase in
intercellular coupling could lead to greater
stimulus/impulse propagation among some
population of coupled smooth muscle cells,
thus leading to exaggerated contractile re-
sponses, and perhaps hypertension (39,40).
The opposite could be true for reduced endo-
thelium-dependent relaxation responses. In
addition, restenosis and atherosclerosis (41),
disease states which result in significant re-
modeling of the vascular wall, might be ex-
pected to profoundly alter the degree of in-
tercellular coupling and/or be affected by
altered cell-to-cell communication among
vascular wall cells. The implication of such
changes to vascular function have hardly
been investigated. Moreover, it should be
emphasized that the role of endothelial-
smooth muscle cell coupling in the regula-
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tion of vascular tone is just beginning to be
studied. There are many possibilities, and it
is clear the real work has just begun.

On the other hand, theoretical studies
suggest that the degree of coupling among
vascular smooth muscle cells may already be
such that 10-fold or greater increases in cou-
pling would be required for physiologically
relevant changes in vascular contractility
(8,9). This is not to say that altered connexin
expression would play no role in vascular
pathology, but that intercellular communi-
cation is so critical to vascular function, that
there is significant plasticity or reserve to
prevent it from becoming the focal point for
tissue pathology. Of course all of the latter
considerations are based on the known bio-
physical characteristics of Cx43 in human
vascular smooth muscle, i.e., long open times,
high open probabilities, physiologically ir-
relevant subconductance states, and lack of
selectivity. In this regard, however, if there
are indeed physiological or pathophysiologi-
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