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GLOSSARY

Word
Gj! Normalized macroscopic gap junctional conductance.
gj: Macroscopic gap junctional conductance.
yj: Unitary gap junction conductance.
Vo: Transjunctional voltage at which voltage sensitive conductance is reduced by half of
the maximum.
Gmin: Residual junctional conductance at high transjunctional voltages.
Ze; Calculated gating charge of gap junction channels.
Vj: Transjunctional voltage.
DWCVC: Dual whole-cell voltage clamp.
MOT: Mean open-time.
MCT: Mean closed-time.
Po: Probability of channel being in the open state.
Homomeric and heteromeric: Connexons with only one (homo) vs. two or more (hetero)
types of connexins.
Homotypic and heterotypic channels: Channels with identical (homo) vs. two types
(hetero) of connexons.
Arrhythmia: An abnormal heart rhythm (too fast, too slow or irregular).
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Conduction block: Slow heartbeats caused by defects in the conduction system that
prevent the action potential propagation.

Tachycardia: An abnormal rapid heart rhythm.

Atria: The two upper chambers of the heart that pump blood to the lower chambers
(ventricles).

Atrial fibrillation (AF): An abnormally fast heart rhythm in which the atria quiver due to
chaotic uncoordinated electrical activity.

Atrioventricular (AV) conduction: Propagation of action potential from atria to the
ventricles through the atria ventricular (AV) node and His Bundle.

Ventricular tachycardia (VT): An abnormal fast heart rhythm that starts in the lower
chambers of the heart (ventricles) that can be life-threatening if not treated.

Radiofrequnecy catheter ablation: A procedure in which the abnormal cells causing the
arrhythmias are destroyed by radiofrequnecy energy.

Pacing: The procedures that electrically stimulate the cardiac tissue to induce or
terminate certain types of arrhythmias. The procedure allows the electrophysiologist to
observe the arrhythmia under controlled condition.

12
ABSTRACT
Gap junction channels connect the cytoplasms of adjacent cells and provide a
pathway for the exchange of materials between cells.

The nature of the materials

exchanged is determined by the biophysical characteristics of the channels.

The

functional gap junction charmel is composed of paired hemicharmels (connexons) from
each cell. Cormexons are hexamers of protein subunits called connexins (Cx). Of the 15
coimexin genes found in the mammalian genome, the products of only two, Cx40 and
Cx43 have been localized in vascular smooth muscle cells (SMC) (1;2).
We have been interested in identifying the role of gap junctions in cardiac rhythmic
activity and vascular function. Like many other cell types, mammalian heart and blood
vessels express multiple gap junction cormexins (3).

These connexins may form

heteromeric charmels. A7r5 cells, a cell line derived from embryonic rat aortic smooth
muscle cells, provide a good model because they express both connexins 40 and 43. From
the previous studies in this laboratory, Moore and Burt reported the presence of channels
with a wide range of unitary conductance with major peaks at 75, 110 and 145 pS. One
explanation for the wide range of unitary conductance could be the presence of heteromeric
Cx40 and Cx43 channels. Thus, the goal of this study was to investigate gating behaviors
of gap junction charmels in A7r5 cells to determine whether heteromeric Cx40/43 charmels
are formed. I will demonstrate that Cx40 and Cx43 form heteromeric channels with unique
unitary conductances, voltage-dependent gating properties and enhanced sensitivity to
halothane induced closiure.
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CHAPTER 1

INTRODUCTION AND BACKGROUND
1.1.1. Introduction
Gap junction channels mediate cell-to-cell communication, which plays a critical role
in maintaining normal tissue function, development and growth control. It is well known
that gap junction communication (gjc) is regulated by various factors such as changes in
transjunctional voltage (Vj), intracellular pH, free intracellular calcium concentration, and
growth factors as well as second messengers (4;5). This study will focus on two of the
most important connexins in the cardiovascular system, namely Cx40 and Cx43.
Specifically, the study was designed to determine if Cx40 and Cx43 form heteromeric
gap junction channels. In addition, if Cx40 and Cx43 do form heteromeric channels, the
ramifications on channel gating will be determined.

We used predominantly a

biophysical approach to evaluate the gap jimction single channel events and channel
gating properties. Our collaborator. Dr. Jean X Jiang from the University of Texas at San
Antonio, used a biochemical approach to confirm the formation of heteromeric channels
composed of Cx40 and Cx43.

1.1.2. Background
Gap junctions are composed of charmels that directly connect the cytoplasms of
neighboring cells. They mediate electrical and chemical communication. By permitting
the passage of ions and chemical mediators between cells, gap junction charmels play a
major role in a wide variety of cellular processes including fertility, embryogenesis, cellular
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differentiation and development and growth control (3;6-8). Gap junction channels also
provide electrical coupling for contractile cells in the heart and vasculature (9). Gap
junctions are found between nearly every cell type of all multi-cellular organisms within
the animal kingdom. Their ubiquitous distribution and generally permissive permeability
characteristics have led many investigators to propose that gap junctions play an active role
in normal tissue homeostasis, as well as in the etiology of a variety of diseases. Altered
gap junction communication has been hypothesized to be a significant etiologic factor in a
host of disease processes, ranging from sensorineural deafriess, cardiac arrhythmias and
vascular dysfunction, to cancer (8;10-16).

This section will review 1) the structure and function of gap junction channels and 2)
gap junctional communication and its regulation in the cardiovascular system.

1.1.3. Structure and function of gap junction channels
The intact gap junctional channel is composed of two hemichannels (connexons), one
in each of the apposed cell membranes.
connexins (Cx).

Each hemichannel has six subunits called

There now appears to be at least fifteen connexin genes in the

mammalian genome.

These cotmexins are named according to their species and

predicted molecular weight, e.g. rCx43 is a 43 kiloDalton gene product from rat. Each
homotypic channel, with all twelve coimexins identical, has unique functional properties
including single charmel conductance and sensitivity to gating stimuli such as second
messengers and transjunctional voltage (7).
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The connexin proteins share many structural features including a common
transmembrane topology and regions of conserved amino acid residues (Figure 1).
Hydropathy plots of connexin amino acid sequences predict four membrane-spanning
domains. This topology was confirmed by a three-dimensional structure analysis of a
recombinant gap junction membrane channel determined by electron crystallography at
resolution of 7.5 angstroms in the membrane plane and 21 angstroms vertically. Unger et
al. reported that a dodecameric channel was formed by the end-to-end docking of two
hexamers, each of which displayed 24 rods of density in the membrane interior, which is
consistent with an a helical conformation for the four transmembrane domains of each
connexin subunit (17). The NHj and COOH temiini both lie in the cytosolic domain.
This topology has also been confirmed by antibody reactivity for Cx43 and Cx32.
The third transmembrane domain (M3) has the highest hydrophilicity and probably
lines the pore of a functional channel. To test the validity of the M3 model, Mindermann
et al. utilized a molecular modeling approach to test this model on three different
connexins: Cx26, Cx32 and Cx43 (18). They found that the pore-lining (ring) amino
acids of the M3 region of these connexins are very conserved and have the same diameter
of about 1 nm.

In addition, positive (arginine/lysine) and negative (glutamic acid)

charges were found in the ring area for all three connexins. When the C-terminal domain
and cytoplasmic loop are included, this M3 model reveals different cytoplasmic openings
ranging fi-om 1.6 nm for Cx26 to 3.2 nm for Cx43. At the extracellular side, the pore
diameters are smaller, forming a narrow orifice of a minimum diameter of 1 nm, because
extracellular loops are relatively short and may not fold into separated domains.

16
The connexins exhibit a high degree of homology at the amino acid level in the four
membrane spanning domains and the two extracellular loops; however, the cytoplasmic
domains are unique (7). The extracellular loops appear largely homologous and may
serve as a recognition site for docking of the two hemichaimels. Each extracellular loop
contains three highly conserved cysteine residues. Mutation of any one of these residues
prevents hexamer formation, suggesting a critical role for these residues in connexin
folding or cormexon formation (19).

Several histidine residues are located in the

intracellular loop between the second and third transmembrane domains. These histidine
residues are reasonable targets for pH or voltage dependent gating (20).
High sequence diversity in the cytoplasmic domains suggests, and functional studies
confirm, the presence of connexin-specific differences in the cellular regulation of channel
function, hi the COOH - terminus region of several of the cormexins there are possible
consensus sequences for phosphorylation by protein kinase A, kinase C, Src-kinase and
MAP kinase. These sites could be important m post-translational modification of the
connexins. Moreover, these multiple phosphorylation sites provide an avenue for multiple
layers of regulation (21).
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Litracdlular Loop

Figure 1. Topological model of connexin orientation within the junctional plasma
membrane. Connexins have four transmembrane domains, which are represented as Ml,
M2, M3 and M4 respectively; two extra-cellular loops, which are represented as El and
E2; one intracellular loop. The Amino-terminal and Carboxyl-terminal are located in the
cytoplasm. The two extracellular loops and the transmembrane domains are well
conserved among family members whereas the intracellular, cytoplasmic loop and the Cterminal tail exhibit no sequence similarity.

18
Most cells express more than one type of connexin. Co-expression of more than two
cormexins leads to the possibility that heteromeric connexons form in vivo. In principle,
a connexon can be either homomeric (a connexon consisting of only one type of
connexin) or heteromeric (a connexon consisting of multiple connexins) (Figure 2).
Since different connexins have different permeability and gating properties, it is likely
that heteromeric channels will have unique physiological properties. Thus, the specific
communication pathways that exist between cells are likely to be influenced by the
utilization of different connexins. The existence of heteromeric connexons has been
supported by biochemical experiments that have utilized fi-actionation of detergent
solublized gap junctions (22-27). Some functional data derived fi"om electrophysiology
also support the formation of heteromeric channels e.g. Cx43 and Cx37 (28).
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Figure 2: Illustration of the building blocks of gap junction channels: connexin and
connexon as well as the possible arrangement of cormexons to form a functional gap
junction channel. Panel A illustrates that a connexon is comprised of six connexin subunits to form a hemicharmel and two hemichannels to form a fimctional gap junction
channel. Panel B illustrates the potential configuration of the homomeric/homotypic,
homomeric/heterotypic, heteromeric/homotypic and heteromeric/heterotypic channels.
Connexons may be homomeric (composed of six identical connexins) or heteromeric
(composed of more than one species of cotmexins); the functional gap junction channel
may be homotypic (connexons are identical) or heterotypic (connexons are different).
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Biophysical properties of gap junction channels
Like any membrane channel, the biophysical properties of gap junction channels
including their selectivity, unitary conductance (yj), open probability

(Po),

mean open-

time (MOT), mean closed-time (MCT) and kinetics are essential to determine their
function and regulation. However, it has been difficult to determine single-channel
behaviors of gap junction channels due to the fact that most channel activities, when
observable, have been present in a multi-channel setting (29). Therefore virtually no
information is available regarding the biophysical properties of gap junction channels.
Gating of a channel is defined as any action that modulates or changes the time a
channel remains in the open state. Under most physiological conditions, gap junction
channels have a high probability of being open. The physical basis for opening or closing
gap junction channels has been modeled in two ways. Unwin proposed that closure of a
gap junction channel resulted firom a conformational change involving rotating or tilting
of the six protein subunits of the hemichannel, in much the same way as the shutter of
camera irises (30).

More recently, Dehnar et al. proposed a "Ball-and-Chain" or

"Particle-and-Receptor" model for pH and chemical-dependent gating processes.
According to this model, a section of the C-terminus acts as the particle or ball, and the
aqueous pore of the gap junction channel serves as the receptor (31). In the case of pH
gating, when intracellular pH decreases, the C-terminus is protonated. Protonated Cterminus carries a positive charge and is attracted to the channel pore region where it
closes the channel.
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The function of gap junction channels can be quantitatively assessed as junctional
conductance, gj, by dual whole-cell voltage clamp recording (DWCVC) strategies (Figure
3). The total conductance of gap junction channels between iwo cells (gj) is equal to the
product of the channel unitary conductance (yj), its probability of the channel being in the
open state (Po), the number of channels present (N), and the permeability to the current
carrying ions (Psei) as expressed in the equation (32;33):
gj = Yj * N • Po* Psei

[Equation 1.1.1]

When more than one channel type is present, gj would equal the sum of these products for
each channel type:
I

g J

=

^

A

j *

N

* P

o

*

P

Id

I

= (Yj * N *
+ (Yj *

Po

Po* Psci) Chi

+ (Yj * N • Po* P«i) Ch2 +

N * Po* Psei) Chi

[Equation 1.1.2]

is defined as (t x N)/nT where t is the average duration of channel open events, N is

the number of chaimel openings, n is the maximum number of channels observed and T is
the total observation time. For most cell types ^ is too large for single channel events to
be readily discemed due to large channel numbers (9;34). Several techniques have been
used to overcome high

gj values

so those single-channel events can be discerned. First,

by application of agents that reduce

gj

(most likely through reduction of

Po),

single

channel events can be visualized. Many lipophilic agents (e.g. octanol, heptanol and
halothane) as well as pH reversibly reduce
pairs whose

gj

gj in

this manner (35-37). Records from cell

is reduced in this manner are useful in evaluation of

Yj,

but making the
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assumption that these agents "gate" all channels with equal sensitivity, is an assiunption
untested or un-proven for most channel types.

For example, halothane and other

lipophilic agents have been widely used to uncouple a variety of cell types expressing
different combinations of connexins. It is generally assumed that the unitary events
revealed as a result of halothane-induced uncoupling are representative of the gap
junction channel population expressed in the cells. The validity of this assumption
depends on equal sensitivity of each charmel type to gating by halothane. Dose-response
curves for gating by halothane have not been obtained for any cell type other than
neonatal rat cardiomyocytes that express Cx43; thus the validity of this assumption is
untested (36). A second commonly used strategy for gj reduction is to trypsinize and
replate cells, and study "new" junctions with low n values. Recognition of "new" pairs is
facilitated when stained and un-stained cell populations are co-plated. "New" pairs
contain one stained and one un-stained cell. With this strategy not only are unitary events
evident, but charmel gating properties can also be studied. A third strategy is to study cell
lines in which expression levels are low. Although most cells express gap junction
proteins at high levels, cancer cells don't; thus when transfected with connexin gene
products, these cells usually are suitable for single-channel studies.
Once a cell-pair with low gj is identified, the dual whole-cell voltage clamp protocol
allows visualization of single-channel events. The openings of gap junctional chatmels
result in currents of equal amplitude but opposite polarity in the two clamped cells.
Opening and closing of non-junctional channels can produce currents that occur
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independently in the two cells, and this kind of activity can be distinguished from
junctional activity on that basis (see Figure 4).
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Cell 1

Cell 2

<:

Figure 3: Schematic of the dual whole-cell voltage clamp, (DWCVC) system. Ij:
junctional current; Inj: non-junctional current; Rj: junctional resistance; Rn,: membrane
resistance. Transjunctional voltage, Vj, = V2 - Vi; gj is determined by dividing Ij by Vj.
First, Vm of both cells is clamped to 0 mV, then steps in the command potential of -10
mV are alternately applied to Celli and Celh, and junctional current (Ij) recorded in the
opposite cell. The junctional current flows across tfie jimctional resistance as a result of
the difference between the membrane potential of Celli (Vi) and Celh (V2).

25
The Yj of a gap junction channel appears to be connexin-specific and depends on a
combination of the pore size and permselectivi^ of the channel. The gap junction channel
was originally modeled as an aqueous right cylindrical pore 8 - 14 A° in diameter and 16
nm in length (34).

The conductance of such a pore is determined by the diflusion

coefficient of the ions and the physical dimensions of the pore according to Ohms Law.
The expected conductance, assuming the channel is a right cylindrical pore, can be
calculated using the equation: (32;33).
Rj = p / /7t

+ (2 p/4r) [Equation 1.1.3]
Then

Yj = 2

/ p (2/ + 7t r)

[Equation 1.1.4]

Where Yj is the unitary conductance, / is length of the channel pore (10-15 nm to span
both membrane bilayers), p is the conductivity of the fluid filling the pore (100-200
Q/cm), and r is the radius (0.8 nm). According to this equation Yj is a direct function of
the pore cross-sectional area. The conductance would be expected to be between 30 and
200 pS (38;39). From the reported data, the unitary conductance from many gap junction
channel types falls into this range. For example, in cardiac myocytes, which are known
to express Cx43 channel, the amplitude of 50 pS was measured using a patch solution
containing the major charge-carrying ions potassiiun and glutamate. Beblo and Haubrich
reported that the main state conductance of Cx40 channels is around 162 pS (38;40).
However, the one exception is Cx37 channels. The unitary conductance of Cx37 has
been reported to be as high as 330 - 400 pS (28;41).
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Figure 4; Representative traces of a single-channel recording on a chart recorder, which
exhibit a typical mirror image from a pair of cells. Gap junction channel opening and
closing appear as simultaneous changes in current amplitude (in Ii, and I2) that are equal
amplitude and opposite polarity. Top panel was recorded at Vj = - 40 mV on Ceili. Ii,
represents both jimctional and non-junctional current. I2 represents the junctional current.
For the single-channel analysis, only junctional current is used. Bottom panel was
recorded at Vj = -80 mV on Celli. Both records were obtained from A7r5 cells.
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Permselectivity of gap junctioii channels
Gap junction channels fomed by different connexins exhibit different ion
selectivities. The anion: cation permeability ratio varies from less than 0.2 to greater than
1 in a connexin specific fashion.

Some gap junction channels exhibit very little

selectivity, accepting cations and anions with approximately equal ease. For example,
Cx43 channels have a permeability ratio of Chloride to Potassium close to 1 (Pci:Pk~1)
(42). The low selectivity and large pore diameter (0.8-1.4 nm) make permeation possible
by signaling molecules including cAMP, IP3, Ca^"*" and ATP, etc. (43-46). Other gap
junction channels, such as Cx40, are very selective, with high permeability to cations and
low permeability to anions (Pci:Pk < 0.2) (38;41;47;48). These permeability differences
may be augmented by channel gating behavior. Some channels, like human Cx43, have
been reported to have long mean open times, between 0.5 - 5.25 seconds, while others
have much shorter mean open times, 0.51 - 0.95 seconds (33;49;50). These parameters
of channel function could have a significant impact on the extent of chemical or electrical
signaling between cells. Such differences are essential to understanding the fimction and
regulation of gap junction channels. For example, if a channel is equally permeable to
anions and cations (Pci:Pic =1), but has very short open times, large anions like cAMP,
IP3, and other cytosolic signaling molecules or metabolic constituents might have no
chance to permeate. The extent of chemical signaling can be qualitatively assessed by
evaluating the permeability of the junction using different ionic constituents in patch type
microelectrodes during DWCVC protocols (38;39;47;48;51).
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The permeability of gap junctional channels also appears connexin-specific and
depends on a combination of sizes, charge and rigidity of the molecular structure of each
permeating molecule. Elfgang et al. stably transfected seven cormexins, Cx26, Cx31,
Cx32, Cx37, Cx40, Cx43 and Cx4S into communication deficient human HeLa cells and
used five different tracers to test chemical transfer through these coimexin channels.
Ethidium bromide transferred readily through Cx26, Cx37, Cx43 and Cx45 charmels, but
not Cx40 charmels, even though the unitary conductance of Cx40 charmels is high. On
the other hand, Cx26, Cx37, Cx40 and Cx45 channels transferred propidium iodide
(charge and size), whereas Cx43 exhibited reduced permeability for this tracer.

In

addition, Cx31 and Cx32 channels did not transfer either dye, although Cx32 exhibited
comparable conductance with Cx26 and Cx37 charmels (52). Elfgang's data indicate that
each gap junction charmel type has unique permeability properties, and consequently
each may fulfill different roles in cell and tissue function.
From our laboratory, Kiujiaka et al. reported that permeability of gap junctions in
A7r5 cells varies depending on the different stages of the cell cycle. They observed that
junctional permeability is diminished in proliferating vs. growth-arrested smooth muscle
cells. In the growth-arrested stage, the gap jimction channels were permeated by both
anions and cations, whereas in proliferating cells, the gap junctions were permeated well
only with small anions and cations, but not large molecules (S3). These data suggest that
the right cylindrical pore model might be overly simplistic. In support of this assertion a
study of selectivity and permeability provided proof that the simple cylindrical pore
model of the gap junction chaimel was inadequate. Veenstra et al. proposed that a model
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that incorporated the electrostatic charge, size of the permeable molecule and pore size
was necessary to account for the conductance and permeability properties of various
connexin-specific gap junction channels (48).

Gating of gap junction channels
A variety of agents are believed to modulate gap junction conductance via changes of
the charmel open probabilities. Such agents include transjunctional voltage (Vj), a variety
of lipophilic agents, intracellular

concentration (pH), intracellular calcium

concentration (pCa^ and possibly growth factors and second messengers (5;54;55).
Some of these data are reviewed below.

Voltage dependent gating
It has been shown that junctional conductance of some gap junction channels is
affected by a vohage applied across the junction. However, unlike other ion channels,
structures for vohage dependent gating remain unclear for gap junction chaimels. In
19S2, Hodgkin and Huxley proposed that gates of ion channels have typically been
presented in a simplified way in the form of a trap-door mechanism.

This view

dramatically changed after the proposal by Unwin who, based on diffraction data,
depicted charmel gating as a process in which subunits change their tilting angle in the
membrane.

Although the tilt angle may vary, this iris-like movement of subunits

occludes all or large parts of the pore (56;57).
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Localized gates like the "Ball-and-Chain" inactivation gate of voltage-sensitive ion
channels (e.g. voltage gated sodium and potassium channels) have been documented and
the S4 region for the voltage sensor is established (58). The possible candidate for the
transjunctional voltage sensor of gap junction channels is largely unknown. Previous
analyses have localized the molecular determinants of voltage gating in chimera of Cx32
and Cx26 to the N-terminus (NT), first transmembrane domain (Ml) and extracellular
loop 1 (El) of connexins (59). Suchyna et al. identified a proline residue in M2 as a
transduction element involved in voltage gating of gap junction channels (60). These
observations led to a model of voltage-dependent gating of gap junction channels as a
"global' conformational change of the channel that involves many domains of the
connexin sequence other than the sensor and pore lining residues. The energetics of any
such "global" rearrangement is likely to be affected by the docking interaction between
two connexons, which is influenced by the extracellular loops. More rapid responses of
gap junction channels to electrical stimuli, such as changes in Vj, appear to involve more
"global" conformational changes of the connexin itself This response involves many
domains, predominantly those within the membrane and in the extracellular docking
surface (61;62).
The voltage response of gap junction channels appears to be connexin-specific. For
example, Cx45 channels close in response to modest Vj changes, Vo = 30 mV (Vo is
defined as the V, where it is 50% of full conductance). In contrast, voltage-dependent
gating of Cx43 channels requires much higher Vj, with Vo = 70 mV (63). These
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connexin-specific voltage responses have been used to discern homomeric and
heteromeric gap junction channels in cell types that express multiple connexins (28;64).

pH gating
Intracellular pH also influences the gating behavior of gap junction channels. Turin
et al. 1977 reported that acidification of the cytoplasm leads to a loss of intercellular
communication (65). However, the molecular basis for this phenomenon was not well
understood at that time. Burt et al. also reported that reducing intracellular pH to ~ 6.5 in
cardiac cells caused a reduction in junctional communication in dye transfer (5). In 1990,
Spray and Burt proposed that acidification-induced uncoupling might result fi-om the
protonation of titratable histidine residues present in the cytoplasmic loop of the Cx43, a
cardiac gap junction protein (9). In their attempt to correlate the structural "gate" with
the functional "gate", Liu et al. demonstrated that deletion of the last 125 amino acids
fi-om the carboxyl terminal of Cx43 causes a significant loss in pH/ sensitivity. pKa
(measured as the value of pH/ that caused a 50% decrease fi-om maximal junctional
conductance) is 6.1 for the mutated channel, compared to 6.6 in the wild type. These
results suggest that the carboxyl terminus is critical for normal pH gating of Cx43.
However, these data do not rule out the possibility that other regions of the channel
protein may contribute to acidification - induced closure of the gap junction channel (66).
Their data suggests that the C-terminus of Cx43 acts as a ball that is attracted to and
blocks the pore of the channel when either the pore or ball is protonated. To further
formulate the structural bases for pH gating, Morley et al. proposed a Particle-and-

32
Receptor model for Cx43 gating, similar to the Ball-and-Chain model of voltage
dependent gating of other ion channels. Their data are also consistent with protonation of
the "receptor" rather than the particle. The carboxyl terminus of Cx43 acts as a gating
particle and a separate domain of Cx43 related to the pore-forming region; thus would be
a specific receptor for such a particle. Upon intracellular acidification, the particle would
bind non-covalently to the separate specific domain that acts like a receptor site.
Protonation of histidine residues may be part of the particle-receptor interaction, which
would lead to channel closure. Accordingly, acidification would directly or indirectly
lead to a displacement of the flexible carboxyl end toward the pore, where it would
interact with a "receptor". This suggests that the "particle" has two positions: the "open"
and "closed" position but the particle is displaced from open position by acidification
rather than attracted to closed position. The particle-receptor complex would prevent the
passage of ions through the channel, effectively uncoupling the cells. In support of this
model, expression of the carboxyl terminal piece as a separate protein in cells expressing
the truncated, pH insensitive form, restored pH sensitivity to the truncated form (67).

Chemical gating
Recent studies demonstrated a Particle-Receptor (or Ball-and-Chain) mechanism
similar to that described for pH gating also applies to chemical-dependent gating of Cx43
channels (68). In these studies, insulin and the insulin-like growth factor (IGF) were
observed to induce closure of Cx43 gap junction channels. This effect of insulin was
abolished by truncation of the C-terminal domain of Cx43 at amino acid 257. Co-
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expression of the C-terminus with the truncated Cx43 channel protein as separate protein
products restored insulin sensitivity to junctional communication.

It also has been

reported that Src-kinase and epidermal growth factor (EGF) gate Cx43 gap junction
channels to closure.

Specifically, the Src-mediated interruption of gap junctional,

communication was associated with phosphorylation on tyrosine 265 of Cx43, whereas
EGF induced reduction of gjc was a consequence of phosphorylation of three serines of
Cx43 through the MAP kinase pathway (69).
Zhou et al. recently reported that v-Src kinase, an oncogene that phosphorlytes
tyrosine 265 on the Cx43 C-terminus, induced closure of Cx43 gap junction channels.
This channel closure also follows a "Ball-and-Chain" model. Truncated Cx43 (A 257343) was largely resistant to Src-induced gating and truncation at residue 245 rendered
coupling completely resistant to Src's effects; however, v-Src's sensitivity was restored
to the truncated channel when co-expressed with the C-terminal domain as separate
polypeptides (70). Thus, this observation supports the notion that Src-mediated closure
of the gap junction channels also appears to follow the "Ball-and-Chain" model. This
model may serve as a general motif utilized by other forms of chemical gating as induced
by this oncogene. Although insulin or Src may activate multiple intracellular pathways,
the "Ball-and-Chain" model certainly provides a thought provoking idea to explain the
mechanism of gating of gap junction channels by chemical signals such as growth factors
and oncogenes.
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Gating by second messengers
As with many other membrane channels, gap junctions can be modulated through
actions of second messengers, which can both increase and decrease junctional
conductance. Agents that stimulate cAMP, cGMP or IP3 cascades can modulate gap
junction channel activity presumably via direct or indirect phosphorylation of the channel
protein (33;46;71). The regulatory differences between the connexins may reside in
primary amino acid sequences on the cytoplasmic loop or carboxyl terminus, wherein
consensus sites for phosphorylation by protein kinase A or C exist. Activation of second
messenger cascades has been shown to cause a rapid change in channel activity, with a
time course of minutes (72).
Burt and Spray have shown that a membrane permeable form of c-AMP enhances gj
in cardiac cells by 70%; conversely, c-GMP reduced

gj by

29%. They also demonstrated

that isoproterenol, a beta-adrenergic agent known to act via the cAMP pathway, and
carbachol, an activator of cGMP pathways, had a similar effect (33). Saez et al. also
directly demonstrated an effect of cAMP on phosphorylation of the 27 KDa protein in
liver cells that correlated with an increase in the jxmction conductance (73;74), In another
study, Moreno reported that TPA increased but isoproterenol decreased gap junction
conductance between human corpus cavemosum smooth muscle cells (75). Together,
these data indicate that second messenger regulation of smooth muscle physiology
involves regulation of gap junction communication.
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Regulation of channel number
The number of gap junction channels available could be regulated at multiple-levels
from gene transcription to the flmctional channel, including the rate of transcription,
mRNA stability, the rate of translation, channel assembly/insertion, and protein
degradation. It is believed that second messengers are important stimulators that regulate
the number of gap junction channels expressed by cells. Cx43 gap junctions play a
crucial role in the function of the myometrium during labor by supporting propagation of
action potentials from cell to cell during muscle contraction. The steroid hormones
regulate Cx43 expression in myometrial tissue during pregnancy, but it is evident that
other factors such as uterine distention are also involved in the regulation. It is generally
believed that estrogen stimulates and progesterone inhibits the transcription of the
connexins (76).
A dramatic example of increased Cx43 expression following a specific stimulus is in
uterine smooth muscle, where 24 hours prior to parturition the number of gap junction
charmels present between uterine smooth muscle cells increases several fold (77-79).
The increase of Cx43 channels is presumed to facilitate coordinated contraction of the
uterus during labor. Within 24 hours post-parturition these gap junctions all disappear.
To investigate the site of regulation of Cx43 expression, Geimonen E. et al. observed that
after treatment with TPA, primary uterine smooth muscle cells exhibited a dramatic
increase in levels of c-Fos and c-Jun proteins, the factors that bind to AP-1 sites. The
increases in c-Fos and c-Jun were followed by increases in Cx43 protein expression.
Expression of c-Fos and c-Jun is negligible in myometrial tissue from non-pregnant
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women and is further suppressed in the myometrium of women in late pregnancy. In
primary myometrial cells treated with phorbol ester, a transient increase in c-Fos and cJun levels was observed at 2-4 hours, followed by a significant increase in Cx43 protein
levels at 6-8 hours. This work provided evidence that transcription of the human Cx43
gene is induced through protein kinase C activation in uterine smooth muscle cells and
that the induction involves up-regulation and activation of c-Fos and c-Jun. (76;80).
The number of channels can also be affected by mRNA stability, protein synthesis
and protein turnover. Following dissociation of the liver into cell pairs and clusters, the
number of channels between the cells decreases so that no coupling can be detected by
eight hours. If the cells are incubated in the presence of cAMP, functional channels
persist. The cells treated with cAMP have increased mRNA levels, which probably
reflects enhanced message stability because inhibitors of mRNA synthesis do not prevent
the increase in mRNA levels associated with cAMP treatment. In addition, protein
turnover appears to be diminished as suggested by the persistence of coupling in the
presence of protein synthesis inhibitors (81;82).

Gap junction channel numbers can be also altered by the rate of assembly/insertion.
These processes appear to be regulated by a series of events triggered by cell-cell
adhesion. In the absence of expression of a specific element of the extracellular matrix,
functional channels are not formed (83). In this case, failure to express functional
chaimels is not caused by failure of transcription of the message or translation of protein;
instead it is caused by failure to mobilize that protein to and insert it into the cell
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membrane. Lampe et al. 1994 reported that TPA dramatically inhibits gap junctional
assembly but does not alter channel gating or enhance disassembly of pre-existing gap
junction structures (84).
Granot et al. (1994) demonstrated that the luteinizing hormone (LH) which operates
through PKC activation regulates expression and phosphorylation of Cx43 ovarian gap
junction protein. In their study they showed that LH-induced gating in gap junction in rat
ovarian follicles comprises two steps: an immediate response, which is represented by a
change in the phosphorylation state of Cx43 protein, and the later response, which is
manifested by a reduction of Cx43 protein level due to attenuation of its gene expression.
A short time exposure to LH stimulated phosphorylation of Cx43 and was followed by
immediate dephosphorylation.

Longer incubations (8-24 hr) in LH resulted in

elimination of Cx43 protein. A gonadotropin-releasing hormone analog (GnRHa) also
induced an immediate phosphorylation / dephosphorylation of Cx43 and a later reduction
of Cx43.

From this evidence, it is apparent that PKC-dependent phosphorylation

regulates gap junction communication by inhibiting Cx43 channel assembly as well as
Cx43 expression (85).
Regulation of gap junction charmels can be achieved via multiple levels of regulation
that alter the number of gap junction channels contributing to intercellular
communication (86).

It may also be concluded that adhesion molecule-mediated

contacts, which might include additive processing steps such as phosphorylation and cellcell contact via CAMs and extracellular domains of connexins, must precede gap junction
formation (83;87).
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Gap junction communication and its regulation in
tlie cardiovascular system

Gap junction channels in the heart
Historically, gap junctions were first discovered in the heart. They were postulated as
early as 1960 to be the site of electrical transmission between cardiomyocytes, a
hypothesis that is now widely accepted as fact. In the heart, gap junction channels permit
the rapid cell - to - cell conduction of action potentials, ensuring coordinated contraction
of the cardiomyocytes. The mammalian heart expresses multiple coimexins including
Cx40, Cx43 and Cx45 and these different connexins may be regulated by different
intracellular signals (88-90). Distribution of gap junctions in the heart is non-uniform.
Myocytes of the conduction system express predominantly Cx40 whereas in ventricular
myocardium Cx43 predominates. For example, from immunolocalization data Cx40 is
present abundantly in the His Bundle. Cx43 is not present in the His Bundle but is rich in
nearby cardiomyocytes. Cx45 is present at low levels in the atria and the ventricles (3).
It has been shown that the gap junction channels in the heart are responsible for
successful propagation of action potentials between cells, which is essential for the atria
and ventricles to work synchronously. The unique electrophysiological and regulatory
properties of the gap junctions define the properties of conduction in various regions of
the heart and may also define the strategies available to these regions for regulation of the
communication pathway. The reason for expression of multiple connexins has yet to be
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elucidated. The overlap of gap junction channel types and possible heteromeric channel
formation may be necessary to provide rhythmicity and synchronization of both electrical
and mechanical activities.

Gap junction channels also play a pivotal role in the

development and growth of the cardiac chamber in adaptation to the physiological
hemodynamic changes.
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Intra-atn'al
pathway

AV node
SA node

Bundle of His
(cx40)

Purkinje Fiber
(cx40)

Figure S; A frontal-plane-cutaway view of the heart that illustrates the normal conductive
pathway shown in black. Connexins 40,43 and 45 are co-expressed in the atria. Cx40 and
Cx45 are present in the His Bundle. Cx43 is abundant in the ventricular working
myocardium. RA: the right atrium, LA: the left atrium, RV: the right ventricle, LV: the left
ventricle. RBB: the right bundle branch, LBB: the left bundle branch.
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Gap junction in the vascular system
Gap junction communication in the vascular system has been studied mostly on the
arterial side. The main task of the arterial system is to provide an adequate supply of
oxygen to organs. This task is accomplished by regulating blood flow via contraction or
dilating of vessels according to physiological and pathological conditions. Due to the
fact that blood flow rate is the function of the fourth power of the diameter of the vessels,
precision control of the diameter of vessels is necessary to regulate blood flow.
Integration and exchange of multiple signals are in the vascular wall via gap junctions
that are present throughout the vascular tree. Arteries and arterioles comprise two types
of cell, smooth muscle and endothelial cells.

Homocellular communication among

smooth muscle cells or among endothelial cells through gap junction in the cell walls has
been reported. In addition, heterocellular communication between smooth muscle cells
and endothelial cells has been explored (91). In a recent review article, Beny envisaged
four transmission modes for messages via gap jimctions in the vascular system. He
defines those modes as diffusion, regenerative wave, electrotonic propagation and action
potential propagation.

Intracellular second messengers such as IP3, calcium, cAMP,

cGMP can pass from cell to cell by simple diffusion via gap junction. Regenerative
calcium waves also could slowly propagate from cell to cell over distances much longer
than can occur by diffusion. The calcium wave is initiated by a calcium - induced
calcium release phenomenon. In excitable tissue a change in the membrane potential
could electrotonically propagate intercellularly with an exponential decrease in amplitude
over distance. This type of electrical coupling could be very rapid (few milUseconds) but
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extend only a few millimeters. On the other hand, in excitable cells, action potentials
could propagate readily from cell to cell with high conductive velocity over a long
distance (92). Gap junction communication in the arterial system adopts these strategies.
The propagation of vasomotor responses along arterioles is most likely accomplished by
communication of changes in membrane potential through gap junction channels
coupling smooth muscle cells, endothelium or both (93-95). Similarly, communication
between endothelium and underlying smooth muscle may influence vascular tone in
small and large vessels. Nevertheless, this heterocellular coupling may have different
communication patterns between small and large vessels. Non-regenerative conduction
processes, such as diffusion of molecules or ions, can transfer signals symmetrically
between the endothelial cells and the smooth muscle cells in arterioles where the input
resistance of the endothelia and the smooth muscle layer are similar. In contrast, in
muscular arteries, the conduction is efficient from the smooth muscle to the endothelium,
but signals passing in the opposite direction are rapidly dissipated in the multiple layers
of smooth muscle cells. Therefore, in the case of an artery, the communication would be
unidirectional and smooth muscle cells would dominate the signal process (92).
In addition, gap junctional coupling has been implicated in the control of endothelial
cell migration and proliferation after injury to the intimal surface and during the de novo
growth of blood vessels. Gap junctions that facilitate the propagation of electrical and
chemical signals along the vessel wall link vascular endothelial cells. At least three
connexins are present in aortic endothelium but in different amounts and with
dramatically different distribution generally. Cx40 is the most abundant connexin and is
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present in nearly all cells in the vascular system. Cx37 is distributed in a similar pattern
spatially but in a lesser amount. On the other hand, Cx43's distribution is very limited.
Cx43 is present in endothelial cells but at low levels in quiescent large vessel endothelial
ceils (96;97). However, when endothelial cells are subjected to shear stress, the Cx43
expression is increased and other connexin-intrinsic properties such as permselectivity
and gating might also be altered. For example, with injury or inflammation, endothelial
cells might upregulate Cx43 expression to facilitate communication with other cell types.
Under these conditions, Cx43 is expressed in nearly all cell types in the vascular wall i.e.
endothelial cells, smooth muscle cells, monocytes, macrophages, polymorphonuclear and
leukocytes.

Gabriels and Paul reported that an increase in the Cx43 level is an

endothelial response to mechanical stress. They observed that Cx43 is highly localized to
the site of disturbed flow in rat aortic endothelium whereas Cx37 and Cx40 are more
uniformly distributed (98;99). Their observations provided strong evidence that the
changing of Cx43 expression in the vascular system correlates with pathological factors
including shear stress and atherosclerotic plaque formation, which is usually formed at
turbulence areas such as carotid and coronary bifurcation.
There is little capacity for regenerative electrical events in the vasculature; therefore
gap junction communication provides a primary mechanism for the coordination of
relaxation and contraction responses among smooth muscle cells of the vascular wall
(100).

There is ample evidence suggesting that gap junctions interconnect smooth

muscle cells throughout the vascular tree (43;101;102). Specifically, Cx43 or Cx40 have
been identified in smooth muscle firom the conduit and resistance vasculature (101;103-

105). Experimental studies on both intact tissue and cultured cells derived from vascular
smooth muscle suggest an important functional role for gap junctions in the vasculatwe.
Studies on isolated vascular tissues and blood vessels make it clear that gap junctions
provide an important pathway for modulating vascular smooth muscle responses. Such
intercellular communication exists throughout to orchestrate the complex hemodynamic
events by coordinating contraction and relaxation.

Gap junctions furnish an ideal

pathway for the coordination of tissue responses and have thus been postulated to be
important modulators of vasomotor tone (103;104;106). For example, Mereno et al.
identified gap junctions composed of Cx43 between corporal smooth muscle cells of
human corpus caverosum in situ and in culture. Despite sparse autonomic innervation,
the smooth muscle cells of the corpus caverosum relax and contract synchronously to
achieve penile erection and flaccidity. As with other smooth muscle cell types, the
excitation process in the corpora is propagated through gap junction channels to allow the
diffusion of current-carrying ions and second messenger molecules from cell to cell (75).
The gap junctions in A7r5 cells, a cell line derived from embryonic rat aorta, have
been well characterized in terms of connexin expression, unitary conductance and gating
behavior (107). A7r5 cells have been used extensively to study the function of gap
junction channels in mammalian smooth muscle cells. Furthermore, co-expression of at
least two connexins in this cell line provides a good model to study interaction and
potential heteromeric channel formation by Cx40 and Cx43. Channels of three distinct
conductances (70, 105 and 140 pS) were reported for these cells. The 70 and 105 pS
channels are probably composed of Cx43, whereas the 140 pS channel is most likely
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composed of Cx40. On average each of the three observed channel types constitutes a
third of the total channel population. Three different channel types exhibit different
gating properties and may confer unique properties on the gap junctions for regulating
spatial interaction of information (108).
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Relevance of gap junctional communication
to cardiovascular diseases

Alteration in Cx43 gene caused developmental defect in the heart
Since gap junctions play a pivotal role in cardiovascular function, disruption of gap
junction communication would be expected to lead to severe developmental and
functional consequences. It has been reported that the disruption of Cx43 mediated gap
junction communication by antibodies resulted in developmental defects of the heart in
mouse and amphibian embryos (109;110).

Cx43 is not only highly expressed in

myocardium in the heart, but it is also found in many other cell types. In 1995 Reaume
reported that Cx43 gene "knockout" mice showed fatal heart defects involving pulmonic
atresia and other conotruncal anomalies (111). Disruption of the gene encoding Cx43
resulted in an animal with malformation of the conus region overlying the pubnonary
outflow tract. This region was blocked by septae, which prevented the flow of blood to
the lungs and resulted in a failure of pulmonary gas exchange and perinatal death.
Heterozygous animals are viable and have a grossly normal heart but ventricular
epicardial conduction velocity is 44% that of wild type animals (16). This observation
supports the belief that gap junctions play an important role in the development of the
mammalian heart. In addition, alteration in Cx43 gap junction gene dosage impairs
conotruncal heart development.

Huang et al. reported Cx43 "knockout" mice and

transgenic mice overexpressing the Cx43 gap junction gene, exhibit heart defects
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involving the conotruncus and the right ventricle (112).

These results confirm the

importance of Cx43 gene dosage in conotruncal heart development.
It has also been speculated that the mutations of Cx43 may contribute to some other
defects. Britz-Cunningham et al. screened children with heart defects for mutations of
Cx43. They found six children with cisceroatrial heterotaxia, a complex developmental
defect of the heart, who had substitutions of one or more phosphoryiatable serine or
threonine residues in the COOH-terminal region of Cx43 (amino acid sequences 362376). A seventh child, with a different heart condition, also had a point mutation in
Cx43. Transfected cells expressing the mutant of Cx43^^^'' showed abnormalities in the
regulation of gap junction communication as compared with the control (113). These
data strongly support the contention that Cx43 plays a central role in the normal
development of the heart and outflow vasculature. More recently, Toth et al. reported
that other factors in addition to Cx43 mutation may also involve the etiology of
heterotaxy (114).

Interruption of gap junction communication predisposes the heart to arrhythmias
Arrhythmias resulting from malfunctioning of conductive pathways in the heart affect
more than 3.7 million Americans. One of the most common forms of arrhythmias, atrial
fibrillation (AF), results in over 70,000 strokes annually in the United States at a
treatment cost of more than $3.6 billion. Worldwide, AF affects five million with more
than 400,000 new cases diagnosed each year.

The problem affects the elderly in

particular; 6% of the general population over 60 are affected and the probability increases
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with age to 10% of those over 80. An additional 400,000 Americans suffer from or are at
risk for ventricular tachycardia (VT), another life-threatening arrhythmia (115-118).
It has been reported that absence of gap junctions resulted in disturbances of action
potential propagation in the heart (119). In heterozygous Cx43 mice, conduction velocity
was reduced (120). Gourdie et al. and many others reported that Cx40 is expressed
abundantly in gap junctions between the His and other fast conductive tissue in the heart
(3;121). Two laboratories have independently interrupted Cx40 gene expression in mice
and found that the animals have partial but not complete conduction block. Both studies
reported conduction abnormalities in the His-Purkinje system; in particular there was an
increased duration of the PR interval on the electrocardiogram (ECG), which indicates slow
atrio-ventricular conduction (3;122). Simon also reported data that indicate abnormal
ventricular activation: a split QRS complex that usually represents uncoordinated
ventricular activation. In addition, a significant number of animals displayed deviation of
the frontal plane axis. These types of ECG changes generally indicate conductive block at
the bundle branch. In their independent study, KirchhofiT and Hagendorff demonstrated
that P-wave duration, PQ interval and QRS duration were significantly prolonged in Cx40deficient mice (122). They further found conduction disturbances and increased atrial
vulnerability to atrial fibrillation in Cx40-deficient mice using transesophageal stimulation
technique (123). It is interesting to note that electrophysiological data of Cx40 knockout
(KO) mice surprised the investigators initially because it was reported that Cx40 was the
only connexin to be expressed in the His Bundle and proximal bundle branches in mice.
Therefore, Cx40-K0 mice should not have any atrio-ventricular (AV) conduction. This
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puzzle was not solved until recently when Coppen et al. provided data that Cx45 is also
present in the conductive pathway (124). This finding not only explains why Cx40 KO did
not cause complete AV block in mice, but also provides information regarding the
overlapping expression of multiple connexins in the heart, as well as in other organs and
cell types. This overlapping expression of connexins may provide a safety net for the
maintenance of conduction and suppression of arrhythmias. Interruption of the normal
overlapping connexin expression pattern predisposes the heart to arrhythmia initiation.
It is clear that alteration of gap junction communication plays important roles in
anhythmogenesis. Aside from disturbances of conduction, abnormalities in connexin
distribution, content, and phenotype may increase anisotropy and facilitate the occurrence
of unidirectional conduction blocks and heterogeneous conduction delays. Luke et al.
conducted morphological studies on the gap junctions of a canine ischaemic model. They
demonstrated that disturbances in connexin distribution would affect the velocity and
direction of conduction and propagation of the electrical impulse, leading to serious
complications of arrhythmia and directly accounting for a major proportion of deaths due
to this disease (125;126).

One major cause of such arrhythmia, established from

electrophysiological studies, involves a circulating excitation and reentry pathway in the
vicinity of the ischaemic or infarcted zone. Alteration of these structural features may
contribute to electrophysiological derangement critical in reentrant arrhythmogenesis
(127;128)
It has been well recognized that some arrhythmias are caused by the "reentry circuit"
in the conductive pathway of the heart. Unidirectional block of conduction is a necessary
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condition for the development of reentry. Therefore, the vulnerability to reentry can be
expressed in terms of the vulnerability to the induction of unidirectional block. Rudy et
al. proposed that reduction of gap junction conductance could lead to unidirectional
block. This block may explain the underlying mechanism of some arrhythmias. For
example, the epicardial border zone (EBZ) around the area of myocardial infarction,
which disrupts normal gap junction channel distribution, and ischemia-induced reduction
of gap junction communication may be candidates for this kind of unidirectional block.
The data from theoretical simulation by Shaw and Rudy indicate that reduction of gap
junction communication profoundly influences the action potential propagation in cardiac
tissue. They demonstrated that a much slower conduction velocity could be achieved
with reduced gap junction coupling than with reduced membrane excitability.

In

addition, uniform reduction in intercellular coupling increases spatial asymmetries of
excitability and consequently the vuhierability to unidirectional block. This change of
vulnerability correlates with gap junction resistance (Rj) - their data showed that when Rj
increased, the velocity of propagation decreased but the vulnerability increased (129).

Altered gap junction communication may cause atrial fibrillation (AF) in the heart
Atrial fibrillation is a common arrhythmia associated with increased morbidity and
mortality in aged patients. Recently, the etiology concerning AF at the cellular and
molecular level has gained much attention from anti-arrhythmia researchers. It has been
speculated that the human atrial conduction pathways and their conductive velocities are
closely associated with an-isotropic distribution of gap junction channels, e.g., the
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myocytes of the crista temiinalis in the canine atrium predominantly express Cx40
channels.

Therefore, alterations of the gap junction channel distribution and ion

selectivity that is caused by aging or ischaemic heart disease may contribute to the
etiology of AF (88;130).
Elvan et al. examined the correlation between the altering of Cx43 expression and
atrial fibrillation. They created chronic sustained atrial fibrillation by a rapid pacing on
the canine atrium. Then they eliminated AF by linear right and left atrial lesions created
by radiofirequency catheter ablation (RFCA) with preservation of sinus rhythm and atrial
contractile function. They compared the expression and distribution pattern of Cx43
from controlled animals with the animals with sustained AF. From these sustained AF
animals they observed that chronic AF increased the expression and distribution of gap
junction protein Cx43. From those animals in which AF was terminated, they also found
that Cx43 expression was reduced for the ablated atrial tissue and the neighboring area.
From this study they provided the correlation between chronic AF and an increased
expression and distribution of the gap junction protein Cx43. By comparison, Cx43
expression became reduced in ablated and nearby non-ablated areas (12).

Altered gap junction channel distribution may cause ventricular tachycardia
Peters et al. demonstrated that altered gap junctional distribution is part of the early
remodeling of myocardium after infarction. They correlated the disrupted Cx43 labeling
pattern with ventricular tachycardia (VT) in the post-infarction animals. They suggested
that this altered gap junctional distribution is a determinant of ventricular tachycardia and
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correlated the susceptibility of VT with the epicardial board zone, (EBZ), which forms
the common central pathway of the reentrant VT circuits. They electrically mapped three
dogs with inducible VT (VT can be induced by intracardiac electrical stimulation, pacing
protocol) caused by fresh anterior infarcts and three non-inducible dogs (VT could not be
induced by a pacing protocol) with a high-resolution electrode array.
systematically

examined

the

tissue

with

standard

histology

and

They then
confocal

immunolocalization of Cx43 in the infarcted areas. From both standard histology and
confocal immunolocalization studies, it is apparent that by interfacing with the
underlying necrotic cells, the EBZ myocardium showed a marked disruption of gap
junctional distribution and Cx43 labeling was arrayed longitudinally along the lateral
surfaces of the cells. For those hearts in which VT was not inducible, this disrupted Cx43
labeling pattern extended part of the way to the epicardial siuface, with the most
superficial epicardial myocytes having the normal transversely oriented pattern. On the
other hand, for the dogs in which VT was inducible, it was demonstrated that the
ventricular tissue had a disorganized Cx43 distribution which extended through the full
thickness of the surviving layer at sites correlating with the location of the central
common pathways of the reentrant circuits. It is established that the reentrant circuits are
the origin of ventricular tachycardia (13). This finding indicates that normal gap junction
distribution pattern is critical to prevent the ventricular tissue from susceptibility to
arrhythmias.
In summary, gap jimction communication plays an important role in the
cardiovascular system including embryonic and early development and maintaining of
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rhythmicity and mechanical synchronicity of the heart. It is also established that gap
junction communication plays pivotal roles in regulating and maintaining the vascular
smooth muscle tone.

Disruption or altering of gap junction communication in the

cardiovascular system can cause severe developmental and fimctional consequences as a
manifestation of multiple diseases and symptoms including congenital heart disease,
arrhythmias and hypertension. The investigation of gap junction communication and its
regulation in the cardiovascular system can be significant in understanding the underlying
mechanism and may lead us to develop strategies and new therapies in the prevention and
treatment of these cardiovascular diseases.
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CHAPTER 2
CONNEXINS 40 AND 43 FORM HETEROMERIC
CHANNELS IN VASCULAR SMOOTH MUSCLE CELLS
Abstract

Connexins (Cx) 43 and 40 are co-expressed in several tissues including cardiac atrial
and ventricular myocytes and vascular smooth muscle. It has previously been shown that
these cormexins form homomeric/homotypic channels with distinct permeability and gating
properties, but do not form functional homomeric/heterotypic channels. If these connexins
were to form heteromeric chaimels, they could display functional properties not well
predicted by the homomeric forms. We assessed this possibility using A7r5 cells, an
embryonic rat aortic smooth muscle cell line that naturally co-expresses Cxs 43 and 40.
Connexons (hemichannels), which were isolated from these cells by density centrifugation
and immunoprecipitated with antibody against Cx43, contained Cx40. Similarly, antibody
against Cx40 coimmunoprecipitated Cx43 from the same coimexon fraction, but only Cx40
from connexin (monomer) fractions. These results indicate that heteromeric connexons are
formed by these connexins in the A7r5 cells. The gap junction channels formed in the A7r5
cells display unitary conductances distinct from homomeric/homotypic Cx43 or Cx40
channels. Voltage-dependent gating parameters in the A7r5 cells are also quite variable
compared to cells that express only Cx40 or Cx43. These data indicate that connexins 43
and 40 form fimctional heteromeric channels with unique gating and conductance
properties.
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INTRODUCTION
Gap junction channels connect the cytoplasms of adjacent cells and provide an
intercellular pathway between adjacent cells for ions and small solutes such as second
messenger molecules. A functional gap junction channel consists of two hemichannels
called connexons each contributed to by one of two adjacent cells. Each connexon is
believed to be a hexamer of protein subunits called connexins (Cx). Connexins belong to a
gene family with 18 identified members. At least 15 cormexin genes have been found in
the mammalian genome, the products of only two, Cx40 and Cx43, have been localized to
vascular smooth muscle (131;132). The present study is focused on these two connexins to
see if they form heteromeric channels and if so, to characterize the functional heteromeric
channels that display properties not well predicted by homomeric/homotypic Cx40 or Cx43
channels.
The ability of connexins to form homomeric/heterotypic channels has been examined in
Xenopus oocytes and HeLa cell expression systems as well as in other settings (133).
Homomeric Cx43 cormexons successfully dock with homomeric cormexons compost of
Cxs 30.3, 37 and 45 but not with Cxs 50, 40, 33, 32, 31.3, 31 or 26. Homomeric Cx40
connexons successfully dock with and form flmctional homomeric/heterotypic chaimels
with Cxs 37 and 45 but not with Cxs 50, 46, 43, 32, 31.1 31, or 26. Clearly, there are far
more incompatible than compatible combinations.
Since gap junction channels consist of two hemichannels from adjacent cells, when two
types of coimexin are co-expressed in one cell type, theoretically they could form
homomeric/homotypic, homomeric/heterotypic, heteromeric-homotypic and heteromeric/
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heterotypic channels. The gap junction channels comprised of both hemichannels of the
same connexin are defined as homomeric/homotypic channels. The gap junction channels
formed by two hemichannels, of which each hemichannel is composed of different
connexins, are defined as heterotypic channels. The gap junction channel containing
hemichannels of at least two different connexins is defined as a heteromeric channel. As
illustrated in Figure 6, when two different connexins (e.g. Cx40 and Cx43) are coexpressed in a cell, seven groups of connexon types are likely to be formed, assuming that
connexins are assembled into connexons in a non-restricted fashion. The expression
frequency of these connexon types follows the binomial distribution:

[Equation 2.1.1]

Where p is the probability of success for Cxi assembled into the connexon, therefore, the
probability (q) for the second connexin (CX2) incorporated into the cormexon would then be
(I-/7). n is the number of subunits in one connexon (n = 6) and x is number of connexins
(Cxi) taken at one time. Based on the binomial distribution, it is apparent, by altering the
expression ratio of certain connexin genes, the potential variation of expression for
different connexon types could be huge.
The capacity of connexins to form fimctional heteromeric connexons and channels
has only recently received attention. Biochemical and structural tools have demonstrated
the existence of heteromeric connexons comprised of Cxs 46 and 50 and Cxs 32 and 26.
That these connexin pairs form functional heteromeric connexons has been recently
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demonstrated (22;23), but formation of fimctional heteromeric channels by these
connexin pairs has not been demonstrated. Based solely on functional data. Brink et al.
provided evidence that heteromeric chaimels were formed in N2A cells that co-express
Cx37 and Cx43 (28;134;135). The functional studies of heteromeric connexons and
channels demonstrated that these structures display unique conductance, gating
behaviors, or selectivity relative to the homomeric forms. There are no studies in which
biochemical (or structural) and functional data were provided in support of formation of
functional heteromeric channels by any pair of connexins, certainly not connexin pairs
incapable of forming homomeric/heterotypic channels.
Working with A7r5 cells, which express both Cx40 and Cx43, Moore and Burt
documented the presence of channels with diverse amplitudes.

Relative frequency

histograms of unitary conductance data collected by hand from a strip chart recorder could
be fit equally well by two (68 ± 10 and 119 ± 30pS (S.D.)) or three (70 ± 11,108 ± 14 and
141 ± 18 pS) peaks. In Gaussian distributions (via Peakfit), however, each peak had
greater breadth than expected based on the precision of data collection (± 6pS). It was not
clear whether this breadth resulted from true biological variability or technical limitations
in data collection and analysis (107). In the current study we focused on the question of
whether Cxs 40 and 43 form heteromeric channels using the programs with higher
resolution for data collection and more data analysis features.
In the present study we integrated a biophysical and biochemical approach to investigate
whether connexins 40 and 43 form heteromeric channels. Using A7r5 cells that express
both connexins, the unitary channel conductances and voltage-dependent gating behavior
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were determined. The results were compared to data obtained from homomeric/homotypic
Cx43 or Cx40 channels. Unitary conductance and gating behaviors distinct from that
observed for the homomeric/homotypic channels and junctions supported the conclusion
that connexins 40 and 43 form heteromeric channels.

Biochemical data provided proof

that Cx40 and Cx43 are co-expressed in the same connexon.
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Figure 6. This figure illustrates the probabilities of formation of different heteromeric
connexons by Cx40/Cx43. The filled circles represent Cx40, whereas the open circles
represent Cx43. When Cx40 and Cx43 are co-expressed in a cell, at least seven groups of
connexon formations are possible, given a condition of unrestricted coimexin association.
The frequency of expression of each form was calculated based on the following
binomial equation: p^q'

^^ X<l,_ rt -X

" '

Whereas p is the incorporation

probability of Cxi, q is the incorporation probability of Cxa. n is the number of the
connexins in a cotmexon (6), taken x Cxi at a time. The value of p and q, based on Cx40:
Cx43, is 1:1, i.e./? = 0.5, q = 0.5.
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METHODS AND MATERIALS
This section describes general methods and materials that were used to collect and
analyze the data.

Cells and culture condition
A7r5 cells were obtained from

the American Type Culture Colletion, ATCC

(Rockville, MD). The smooth muscle character of the cells was confirmed by testing for
smooth muscle specific protein a-actin and desmin (136).

Cells were grown until

confluent in Dulbecco's MEM, supplemented with 10% heat-inactivated (56°C for 30
min.) fetal bovine serum, 100 units/ml penicillin, 100 units/ml streptomycm solution and
adjusted pH = 7.2 (Gibco, Gaithersburg, MD). Homotypic Cx43 channels were studied
using Rat-1 cells, a rat fibroblast cell line that expresses only Cx43. Rat-1 cells were
obtained from Dr. Lau's laboratory and grown in DMEM (D-5523), supplemented with
10% heat-inactivated fetal bovine serum and 100 units/ml penicillin, 100 units/ml
streptomycin solution and adjusted to pH = 7.2. Western Blot confirmed that A7r5 cells
express both Cx40 and Cx43, whereas Rat-1 cells express Cx43 only (data not shown).

Cx40 stable transfectants
The clone for murine Cx40 was obtained from Dr. Klaus Willecke (Bonn University,
Germany). A 1.1 kb fragment was subcloned into the Hind m and EcoR I sites of
pcDNA3 (Invitrogen), an expression vector that utilizes the CMV promoter (137). The
N2A cells (ATCC) were stably transfected with murine Cx40 DNA using the Lipofectin
approach (BRL, Gaithersburg MD). Transfected cells were plated by limiting dilution
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into 96 well plates and were selected using 800 |Ag/ml G418 (GIBCO, BRL). Positive
clones were determined by electrophysiological analysis. The transfection and dilution
cloning procedures were accomplished by Dr. Steven Taffet (SUNY Syracuse). The cells
were grown in MEM Eagle M0643 medium supplemented with 10% heat-inactivated
fetal bovine serum 100 units/ml penicillin, 100 units/ml streptomycin solution and
adjusted pH = 7.2.

Biochemical assay
Reagents: [^^S] Methionine (cell labeling grade) was from New England Nuclear.
Tissue culture reagents were from GIBCO. Fetal bovine serum was obtained from Hyclone
or Intergen (Purchase, N.Y.).

Anti-Cx40 polyclonal antibody was from

Chemicon

(Chemicon, Temecula, CA). All other chemicals were obtained from either Sigma or
Fisher Scientific.

Metabolic labeling and crude membrane preparation
A7r5 cells were grown in culture on 100 mm culture plates until confluence. The
confluent A7r5 cells were rinsed three times with culture medium deficient in methionine
prior to the addition of 3 ml ^^S-labeling medium (methione free DMEM with 5% dialyzed
fetal calf serum, 20 ^iM methionine and 1.5 mCi [^^S] methionine) for 3 hours at 37°C. The
metabolically labeled cells were lysed m lysis buffer (5 mM Tris, 5 mM EDTA/EGTA, pH
8.0) and crude membranes were prepared by centrifugation (35,000 rpm, Beckman SW60
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Ti) for 30 minutes. The pellets were re-suspended into "incubation buffer" (138) (0.14 M
NaCl, 5.3 mM KCl, 0.35 mM Na2HP04, 0.35 mM

KH2PO4,

0.8 mM MgS04, 2.7 mM

CaCh, 20 mM HEPES, pH=7.5. and 10% Triton-X-100 and incubated for 10 minutes at
room temperature). Triton-solubilized specimens were separated by centrifugation (20,000
rpm, Beckman SW28 rotor, 30 min) (Beckman Instruments).

Preparation and immunoaffinity purification of Anti-Cx43 antibody
Bacterial fiision proteins containing glutathione-S-transferase (GST) plus C-terminal
portions of Cx43 (amino acid [aa] 270-336) were generated using the vector pGEX-1
(139). Overnight cultures were diluted l/lOO in fresh LB mediiun supplemented with
ampicillin and were grown for 3 hours before induction of fusion protein synthesis by the
addition of isopropyl P-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5
mM. After 4 hours of induction, the cells were pelleted by centrifugation at 2,100 g for 10
minutes. The pellet was re-suspended in cold PBS, sonicated with 1% Triton X-100 for 2
minutes on ice, and centrifliged at 5600 x g at 4°C for 10 minutes. The supernatant was
passed through an affinity column of glutathione. 10% SDS-PAGE was used to separate
full-length fusion protein from degradation products and was then stained with copper
chloride as previously described followed by excision from gel (140). The gel stripes were
electroluted in dialysis bags, and the eluted protein was concentrated in ULTRAFREE-M
30,000 NMWL Filter Unit (Millipore, Bedford, MA). The purified full-length fusion
protein was used to raise polyclonal antibodies in rabbits by Alpha Diagnostic (San
Antonio, TX).
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Sucrose Gradient Sedimentation Analysis
The detergent solubilized membranes were fractionated on a linear gradient of 5-20%
sucrose (wt/vol. at 20°C) (4 ml total) in the presence of the above described incubation
buffer and 0.5% Triton X-100. Centrifiigation was performed in Beckman SW60 Ti rotor
at 49,000 rpm for 14 hours at 4''C, after which 300-|il fractions were collected.

Immunoprecipitation and SDS gel electropiioresis and fluorograpiiy
Fractions from sucrose gradients were immunoprecipitated with either anti-Cx43 or
anti-Cx40 antibody in the presence of immunoprecipitation buffer (0.1 M NaCl, 0.002 M
NaBorate, 15 mM EGTA) supplemented with 0.5% Triton at 4°C for 16 hours and then
protein A-Sepharose beads were added for another 2 hours. The beads were washed five
times with immunoprecipitation buffer plus 0.5% BSA and 0.5% Triton-X-100. The
immunoprecipitation samples were isolated from beads by boiling in SDS sample buffer
for 5 minutes and analyzed on 10% SDS/polyacrylamide (SDS/PAGE) gels. Gels loaded
with ^^S-labeled samples were processed for fluorography as described (141).

Electrophysiology
Cells were studied by a dual whole-cell voltage clamp technique (DWCVC) (51).
Confluent cells were lifted by applying 0.25% trypsin in Ca-Mg free phosphate buffered
saline and replated at low density on 25 mm glass coverslips. Subsequently, cells were
incubated at 37°C with 10% CO2.

A7r5 and Rat-1 cells were ready for the
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electrophysiological study 0.5 - 1.5 hours post plating. N2ACx40 transfectants were ready
for the electrophysiological study 5 to 24 hours post plating. A coverslip was washed
briefly and placed in a Plexiglas holder on the niicroscope stage.

For all cell types

coverslips with attached cells were mounted in an experimental chamber and cells bathed
in a solution. The bath solution composition was as follows (mM): NaCl 142.5, KCl 4,
NaHP04 0.9, Dextrose 5, NaPyruvate 2, HEPES 10, CsCl 15, TEACl 10, BaCh 1 and
CaCla 0.5, adjusted to Osm 334 at pH = 7.2. Cell pairs were identified with phase contrast
microscopy at 400X magnification (Olmypus-IMT-2). Patch-type microelectrodes with a
resistance of 5 -10 MQ were prepared firom fiber-filled 1.2 mm glass (A-M System, 6020)
by Sutter pipette puller (Sutter, Model P-87, San Rafael, CA).

The pipette solution

contained (in mM): Kglutamate 67.8, CsCl 67.8, HEPES 10, EGTA 10, CaCU 0.5, Na2creatine phosphate 6.7, Glucose 5, TEACl 10, MgCl 3, Na2ATP 5, adjusted to Osm 334
and pH = 7.2. The osmolarity of all bath and intemal pipette solutions was measured by a
vapor pressure osmometer (WESCOR Model 5500, Logan, UT). All experiments were
performed at room temperature (~ 25° C). The electrodes were held and moved into
position against the cell surface by micromanipulators (Narashige, Japan). Once the tip of
the electrode touched the surface of the cell, slight suction was applied until a seal formed
with the cell membrane. Whole-cell voltage clamp conditions were achieved by mpturing
the membrane under the tip of the electrode with slightly more negative suction.
Membrane voltage (Vm) of both cells was clamped to 0 mV using two patch-clamp
amplifiers (Axopatch-ID, Axon Instruments, Foster City, CA).

Small transjunctional

potential differences were applied to assess g, and yj as described below. Voltage and
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current traces were monitored by a four-channel oscilloscope (Tektronix, Beaverton,
Oregon) and simultaneously displayed on a four-channel chart recorder (Gould Recorder
2400S, Cleveland, OH). All data were digitized at 22 kHz (Neuro-Corder-DR-484, New
York, NY) for storage on a videotape recorder (Toshiba, Japan) for playback and further
analysis. Macroscopic junctional conductance, g,, was measiu-ed as follows. Steps in the
command potential of -10 mV were alternately applied to celli and then celh, and
junctional current recorded in the opposite cell.

G, was determined by dividing the

junctional current by the voltage step: gj = Ij / Vj = Ij / (V1-V2).

Single Channel recordings
Cell pairs exhibiting low conductance (< 500 pS) were selected for evaluation of the y,
of single charmel events.

During single or multi-channel recordings, one cell was

clamped to 0 mV, and the other cell of the pair was stepped to different voltages for as
long as several minutes dependent on the quality of the seal. Normally, the cell that had a
better seal would be selected to apply voltage. In order to exclude non-junctional events,
the single channel record from the cell clamped at 0 mV was used for channel analysis.
"Single" channel records were analyzed for the following biophysical parameters:
channel amplitudes, chaimel open probability, duration of open-time and duration of
closed-time. Since it was difGcult to analyze recordings that possessed more than three
to four channels, multi-channel recordings with more than three active channels were
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usually excluded. In most cases Pq was measured in cell pairs in which only 2-3 channels
were present.

Voltage dependence: protocol and analysis
The macroscopic current was generated by applying voltage pulses across the junctions.
The junctional currents (AI2) were elicited by stepping the holding potential of the prejunciion cell (Vi) from a common holding potential (Vi = V2 = 0 mV) where V2 is the
holding potential of the post-jimction cell, to a new value (V, = ± 20 - 100 mV) for a
minimum of 10 seconds. Each Vj pulse was separated by another 10-second recovery
interval. In some extreme cases, if the seal was very good, the voltage was stepped as high
as 140 mV. The validity of the macroscopic junctional current measurement is based on
the following condition: Vj = (Vi - V2) when the input resistance of Celli and Cel^ are 100
- fold higher (e.g. 0.5 GQ) than the resistance of the respective whole-cell patch electrodes
(e.g. 5 MQ). (Rei/Rm < 0.01). Rd is the patch electrode resistance and Rm is the cellular
membrane input resistance.

Then junctional conductance (g,) or resistance (Rj) was

determined from the expression Gj = l/Rj = IjA'j. provided that the above conditions were
met. All macroscopic records were filtered at 1 - 3kHz. At each voltage step, Ij was
measured and

gj was calculated.

In order to eliminate the effect of series resistance on the

accuracy of conductance measurement, any pair with conductance greater than 7 nS was
excluded from the data pool.

67
To evaluate the variability of voltage dependency of gap junction channels, the data are
presented in a voltage versus conductance plot

(Vj/Gj

plot) fix}m individual cell pairs of

respective cells. The conductance is presented as standardized conductance (Gsj/Ginst)Ginst represents instantaneous conductance, which is determined at the onset of the voltage
pulse. Gss represents steady state junctional conductance, which is determined at the end of
the voltage pulse (where

Gj reaches a

stable residual level). The steady state conductance

was measured at least 10 seconds after the onset of the voltage step. Each

Vj/Gj

plot was

fitted with the Boltzmann Equation and a set of parameters, Vo, Gmin and Ze, were
generated (142). Vo is transjunctional voltage where the junctional conductance is half
maximal, Gmin is residual conductance at high transjunctional voltage and Ze is gating
charge. The data fi:om each cell type are presented as mean (M) ± standard deviation (SD).
t -test was performed to determine if the Boltzmann parameters of homomeric Cx40 or
homomeric Cx43 are different than heteromeric Cx40/Cx43 channels.

Some data were

analyzed using a Non-parametric analysis, because the data were not normally distributed.
p < 0.05 was considered statistically significant. In addition, special attention was paid in
comparing the variance of these parameters.

Data analysis for single-channel records
The data obtained firom the electrophysiological experiments were analyzed manually
or by computer. Data acquisition and processing were performed off-line using an IBMcompatible microcomputer equipped with a 12-bit A/D converter (DigiData 1200, Axon)
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and NEXT operating system. Data were filtered at 2 kHz, digitized at 11 kHz (NeuroCorder) and stored on tape for future computer-assisted analysis. Taped data were
reacquired at 50 Hz filtering, 2 kHz digitization fi-equency and analyzed with an analysis
program of Ramanan and Brink (143;144).
All - points histograms were constructed and fit to provide the channel open probability.
The selected trace then was idealized and analyzed by Findmean, a sub-program to
generate mean open-time and mean closed-time. The program is based on the theory of
continuous Markov's chain. The program provides a model-independent method for
estimating the mean open-time and mean closed-time for individual chaimels in a multiplechannel patch. It is useful in both cases of the homogeneous and heterogeneous channel
populations. Theoretically, these mean times can be found by solving a set of linear
equations, providing the number of channels in the patch and their Po is known.

Gj

(Gss/Ginst) was fit assuming a two-state Boltzmann distribution of the following form:
(1 - Gmin) / (1 + exp.* (-A* (Vj-Vo)) + Gmin

[Equation 2.1.2]

then,
(1 - Gmin) / (1 + exp. (- Z *39.6* ( Vj-Vo))) + Gmin

Vo

is the

Vj

[Equation 2.1.3]

at which the voltage-sensitive conductance is half-maximal and

A

is a

constant expressing the strength of the interaction of the open channel with Vj. The
constant A is equivalent to nz / kT, where n is the number of gating charges (z) that act as
the gating mechanism by sensing changes in V,, and k and T represent Boltzmann's
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constant and absolute temperature respectively.

Gmax is the maximum normalized

conductance (=1) and Gmin is the normalized Vj -insensitive (residual) conductance. G is
the experimentally derived steady state conductance value. Data obtained from A7r5
cells, Rat-1 cells and N2A stably transfected with Murine Cx40 (N2A-Cx40) were
analyzed.

RESULTS

Biochemical analysis
Biochemical analysis provides means to directly confirm the existence of heteromeric
connexons in A7rS cells. Sucrose sedimentation gradients prove to be a useful approach
for isolating the connexon population (22; 138). On sucrose gradient, Cx43 monomers are
known to migrate with a sedimentation coefficient of 5S while connexons migrate with
sedimentation coefficient of 9S. In these experiments Jiang et al. used either glutamate
decarboxylase (EC 4.1.1.15; 310 kDa) or connexons composed of MP70 (Cx50) as a
marker for the connexons with a sedimentation coefGcient of 9S (22). SDS-solubilized
connexons were used as a marker for monomeric connexins with a sedimentation
coefficient of 5S and ovine lens MAP70 prepared by 8-Glu solubilization as a marker for
connexon pairs with a sedimentation coefficient of 16S (22). Based on protein standards
and calculations of the sucrose gradient condition used in our experiments, the
sedimentation coefficient 9S migration centered at fraction 12, SS at fraction 5 and 16S at
fraction 15. [^^S]-methionine metabolically labeled crude membrane solubilized by TritonX-100 was centrifuged through 5-20% sucrose gradients. The resulting flections were
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immunoprecipitated under non-denaturing conditions with Cx43 antibody and the
immunoprecipitated samples were resolved on SDS/PAGE and fluorography. As shown in
Figure 7 (A), Cx43 concentrated into two major peaks centered at fractions 5 and 12. By
comparison, samples at fraction S should enrich monomeric connexins and those at fraction
12 should enrich connexons. In addition to Cx43, there is an extra band in connexon-rich
fractions (fraction 11-12), which has the same mobility as Cx40. To confirm whether Cx40
directly associates with Cx43, connexon-rich fraction 12 was immunoprecipitated with
Cx40

antibody

and

resolved

by

SDS/PAGE

(B).

Anti-Cx40

antibody

co-

immunoprecipitated Cx40 and Cx43 from connexon-rich fraction 12. To control for the
non-specific or cross reactions of antibodies, monomeric-connexin rich fraction 5 was
immunoprecipitated with Cx40 antibody and only a single Cx40 band was detected.
Immunoprecipitation by preimmune antibody did not resolve any protein bands. Together,
the results show that Cx40 and Cx43 can be co-immunoprecipitated from connexon-rich
samples by either Cx43 or Cx40 antibody, confirming that single connexons were
composed of both connexins. These data provided biochemical evidence that Cx43 and
Cx40 form heteromeric connexons in A7r5 cells.
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Figure 7: Sucrose gradient analysis of connexon isolation from A7r5 cells. A7r5 cells
labeled with ^^S-methionine were collected and cell lysates prepared by homogenizing in
lysis buffer. The crude membranes were isolated and solubiUzed (see text) in the presence
of 1% Triton-X-100. Triton-solubilized specimens were separated by centriflxgation. The
supematants were fractionated on a linear gradient of 5-20% sucrose and fractions were
collected. Each fraction was immunoprecipitated with affinity purified anti-Cx43 antibody
as described in the text (A). (B) The sucrose gradient fi^ctions, 5 and 12 were
immunoprecipitated with preimmune antibody and Cx40 antibody (Chemicon, Temecula,
CA). The immunoprecipitated samples were analyzed on SDS-PAGE and fluorography.
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Electrophysiology
To determine whether heteromeric connexons assemble into fimctional intercellular
chaimels, we examined the amplitudes of single-channel events and characterized
voltage-dependent gating behaviors. Single channel events derived firom multiple pairs
of A7r5 cells revealed chaimels of a variety of transition amplitudes. The all-points
histogram from the A7rS cells displaced broad peaks where separations did not
correspond to the transition amplitudes in the record. These multiple discrete channel
events, ranging in amplitude fi-om 35 to 153 pS were observed in single-channel records
and all-points histograms (Figure 8 and Figiire 9).

Openings from the zero

transjunctional current level included events with the following amplitudes: 170, 160,
144, 135,120, 100, 95, 63 and 55 pS.
These results firom A7r5 cells are strikingly different fi-om those obtained fi-om Rat-1
cells (Figure 10), which express only Cx43 and fi-om N2A cells stably transfected with
Cx40 (N2A-Cx40 cells) (Figure 11).

The uniformity of channel behavior in the

homomeric/homotypic setting (either homomeric Cx40 or homomeric Cx43) is evident as
narrow peak widths and peak-to-peak separations in the all-points histograms that
correspond to transition events in the record. In Rat-1 cells, Cx43 displayed main and
residual state conductances of 89 and 34 pS, respectively. In N2A - Cx40 cells, Cx40
channel transitions between the main (192pS) and residual states (52 pS) predominated
(Figure 11). Complete channel closure was extremely rare. Thus, records firom Rat-1
cells displayed mainly 55 pS transitions (Figure 10), whereas 140 pS transitions
predominated in the N2A - Cx40 records (Figure 11). The differences between A7r5 and
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either the Rat-1 or N2A-Cx40 cells strongly suggest the presence of functional
heteromeric channels in the A7r5 cells.
Voltage-dependent gating of gap junction conductance was also quite variable in the
A7r5 cells. Figure 12A shows the normalized conductance (Gss/Gjnst) vs. transjunctional
voltage data obtained from 10 A7r5 cell-pairs. In keeping with the diversity of chaimel
types displayed by pairs of A7r5 cells, we also observed that the voltage responses were
much more homogeneous in 6 pairs of Rat-1 cells and 6 pairs of N2A-Cx40 cells than
those from A7rS cells (Figure 12 B and C). Macroscopic junctional conductance ranged
between 1-7 nS for all cell pairs, and mean conductances did not differ - 2.5 ±1.7 nS, 2.5
± 1.0 nS and 2.7 ± 2.2 nS for the A7r5, Rat-1 and N2A-Cx40 cells respectively. Data
from each cell-pair were fit with the Boltzmann equation to detemiine Vo, Gmin and z. As
expected from the diversity of curves in Figure 12 A, the standard deviation from the
mean of these parameters in the A7r5 cells was quite large compared to that obtained in
the Rat-1 or N2A-Cx40 cells. As shown in Table 2.1.1., the positive voltage at which
current was half-maximal (Vo) was 72 ± 16 mV for A7r5 cells vs. 65 ± 2.7 mV for Rat-1
and 47 ± 6 mV for the N2A-Cx40 cells. The residual conductance at high transjunctional
voltage (Gmin) was 0.4 ± 0.22 in the A7r5 cells vs. 0.33 ± 0.05 for Rat-1 and 0.22 ± 0.03
for N2A-Cx40 cells. The gating charge (z) was 1.9 ± 0.84 for A7r5 cells vs. 6.2 ± 2.8 for
Rat-1 cells and 3.6 ±1.6 for the N2A-Cx40 cells. Using the Wilcoxon-Mann-Whitney
test, Vo and z values for the A7r5 cells differed from those obtained in the Rat-1 and
N2A-Cx40 cells at the p<0.02 level. It was worth noting that the standard deviation (SD)
of Vo for A7r5 cells is over 22% of the mean, compared with 4% for Rat - 1 cells, and
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13% for N2A-Cx40 cells. In addition, the SD of Gmin is 55% of the mean for A7r5 cells,
versus 15% for Rat-1 cells and 14% for N2A-Cx40 cells. The higher value of the
standard deviation from the A7r5 cells compared with the Rat-1 and N2ACx40 cells
indicates that voltage gating behaviors of these channels have much higher variances,
which is not well predicted by either homomeric/homotypic Cx40 or Cx43 channels.
These data further support that Cx40 and Cx43 heteromeric channels are formed in the
A7r5 cells.
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Figure 8: A multi-channel record from A7r5 cells with naturally low conductance.
Transjunctional voltage was 40 mV. The charmel opening events are downward. Diversity
of channel amplitudes and kinetics were evident according to the all-points histogram on
the right and dwell time of sojourns. The transitional amplitudes ranged from 71-153 pS.
All-points histogram displayed on the right reveals peak-to-peak separations that do not
correspond to channel transition amplitudes in the record. Note also that peaks are broad.
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Figure 9: A multi-channel record derived from A7r5 cells with naturally low conductance.
Transjunctional voltage was 40 mV. The channel amplitudes are in pS. The channel
openings are upward. The bottom dash line indicates the ground state at which I, = 0. The
diversity of channel amplitude is evident. The transitional channel amplitudes ranged from
35 -110 pS.
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Figure 10: A multi-channel record derived fix)m Rat-1 cells, which express homomeric
Cx43 channels. Transjunctional voltage was 30 mV. Upward deflections represent
channel openings. The bottom dash line represents the residual state, where the channel
resided for a long duration. The all-points histogram present on the right side reveals peakpeak-to-peak separations that correspond to transition amplitudes in the record and peaks
for narrow width.

m
Figure 11: A multi-channel record derived from N2A cells that stably transfected with
mouse Cx40 DNA. Transjvmctional voltage was 40 mV. Upward deflections indicate
channel openings. The bottom dash line represents the state where Ij = 0. From this trace,
it was observed that two identical channels with transitional amplitude of 140 pS were
present.
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Figure 12: The V/G plot represents the voltage response of gap junction channels from
individual pairs of A7r5 cells (Panel A), Rat-1 cells (Panel B) and N2A Cx40
transfectants (Panel C). Data were obtained by the voltage protocol described in the text.
The junctional conductances were normalized by dividing steady-state conductance by
instantaneous conductance. The voltage responses of gap junction channels in Rat-1 cells
and N2ACx40 transfectants are relatively uniform, whereas the voltage response of gap
junction channels in A7r5 cells shows greater diversity.
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Table 2.1.1 Boltzmann parameters from three types of gap junction channels

Cell type

Gmin

Vo(mV)

Ze (e)

Rat-1

0.33 ± 0.05

65 ± 2.7

6.2 ±2.8

A7r5

0.4 ±0.22

72 ± 16

1.9 ±0.84

N2ACx40

0.22 ± 0.03

47±6

3.6 ±1.6

/7:Ratl vs. A7r5

0.38

*<0.02

* <0.02

p:Cx40 vs. A7r5

*0.04

* <0.02

n* <0.02

"• statistically significant
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DISCUSSION
Cxs 40 and 43 are co-expressed in a variety of cell types including heart and vascular
smooth muscle.

In their homomeric/homotypic forms, the channels exhibit distinct

conductance, permselectivity and voltage-dependent gating properties, not to mention
potential differences in regulation at the transcriptional, translational and post-translational
levels. Thus co-expression of the homomeric/homotypic forms of Cx40 and Cx43 would
be expected to expand the breadth of gap junction function beyond that conferred by either
protein alone (42;48;94;142). It is unlikely that gap junctions in A7r5 cells comprise
homomeric/heterotypic junctions, as several investigators have demonstrated that Cxs 40
and 43 do not form such channels (40;145). If they form heteromeric channels, the
functional properties may be quite different from the homomeric/homotypic parental
channel types and consequently could lend insight as to what advantage is conferred on
cells by co-expression of these two connexins.
Using a combination of biochemical and electrophysiological approaches, we
demonstrated here that connexins 40 and 43 form heteromeric channels in A7r5 cells, an
aortic smooth muscle cell line. Following isolation under non-denaturing conditions and
purification on sucrose gradients, Cx40 and Cx43 were co-immunoprecipitated from the
connexon-containing fraction with either of the two specific antibodies. Each antibody
immunoprecipitated only its specific connexin following denaturation in SDS. These
results strongly suggest the formation of Cx40/Cx43 heteromeric connexons in these cells.
Two lines of electrophysiological data support that these heteromeric connexons assemble
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to form functional channels. First, the diversity of channel amplitudes observed was
significantly greater than would be expected if only homomeric/homotypic channels were
present. Second, voltage-dependent gating parameters were not well predicted by either
connexin in their homomeric / homotypic forms.
If only the homomeric/homotypic channels could be formed in the cells that co-express
connexins 40 and 43, then we would observe transitional events with the following
amplitudes: 166 and 26 pS (Cx40) and 89 and 34 pS (Cx43), as the channels transition
from the closed state to either the residual or main states, and 140 pS (Cx40) and 55 pS
(Cx43) events as the channels transition between the main and residual states. Occasional
events of amplitudes other than these would also be expected as the channels enter or leave
substates. Our records show numerous transitions with amplitudes other than the expected
amplitudes; indeed transitions of the expected size were rare. Openings from the zero
transjunctional current level included events with the following amplitudes: 170, 160, 144,
135,120,100,95,63,55 pS.

Several investigators have examined the voltage dependence of Cx40 channels in their
homomeric/homotypic form. In all cases, voltage dependence is evident with

V

q

ranging

between 38 and 50 mV and Gmin between 0.18 and 0.33 (38;142). For example, Bukauskas
et al reported that VQ, Gmin and z were 47 mV, 0.24, and 6, respectively, for Cx40 channels
(142). In comparable studies of Cx43, weaker voltage dependence was observed, with

V

q

between 50 and 70 mV and Gmin between 0.27 and 0.46 (146-148). For example, Valiimas
et al. reported that for Cx43, VQ, Gmin and z values were ~59 mV, 0.16 and 2.3, respectively
(42). Comparable values were obtained herein for homomeric/homotypic Cx40 and slightly

81

higher values were obtained for Cx43 channels. The data herein also indicate that the
heteromeric channel forms display altered voltage-dependent gating behavior relative to
either Cx40 or Cx43 in their homomeric/homotypic forms.

The heteromeric channels

formed by the A7r5 cells displayed Vo, Gmin and z values ~ 72 mV, 0.4 and 1.9,
respectively. At first glance these numbers do not appear to differ; however, the variance
of these Boltzmaim parameters of gap junction channels in the A7r5 cell were dramatically
higher than observed in the homomeric/homotypic setting. This high variance strongly
suggests that the heteromeric forms display unique gating properties (149). We observed
that the number of channels underlying macroscopic conductances of 2-3 nS, represented ~
20-30 channels if Po were close to 1. This is insuflBcient to adequately sample the possible
channel mixture. In cells co-expressing these connexins, if only homomeric/homotypic
channels form, then one might observe a biphasic response of junctional conductance to
voltage - i.e. at moderate vs. large transjunctional voltages, the decrease in junctional
conductance might resemble voltage dependent closure of Cx40 vs. Cx43 containing
junctions. The magnitude of response to moderate vs. large voltages would reflect the
relative contributions of the two channel types to the overall junction. Regardless of
relative contribution, Gmin would certainly be less than -0.5, the largest of reported Gmin
values for either Cx43 or Cx40 in their homomeric forms. In our experiments we observed
a high diversity of voltage dependent behavior. Some cell pairs exhibited essentially no
voltage dependent decrease in conductance over ±100 mV. Other cell-pairs exhibited
voltage dependence behavior that resembled Cx40-containing junctions while still others
resembled Cx43-containing junctions.
A few predictions are possible for the heteromeric case when both the unitary currents
and macroscopic currents can be monitored.

The possible number of heteromeric

channel types with two co-expressing connexins is large.

If Cx40 and Cx43 are co-

82
expressed and are freely capable of mixing and forming heteromeric hemi-charmels and
assuming the charmel assembly is an independent and random process, the possible
formations for two different cormexins in a six-subunit coimexon are 64 (2®). Therefore,
theoretically, there are 4096 (64 x 64) chaimel types possible.

The probability of

observing the activity of either homomeric / homotypic chatmel (if all 4096 channel types
are

formed

with

equal

probability)

is,

0.00024

(or

1/4096).

Thus,

if

heteromeric/homotypic channels form they would constitute the vast majority of charmels
in the junction and their unitary sizes and voltage dependence would predominate in
single channel and macroscopic recordings. However, if a six fold symmetry axis is
assumed and further if interaction energies are rotationally symmetric, but not chiral, and
if the energies of interaction for one hemichaimel are not influenced by the configuration
of another, then far fewer heteromeric forms are predicted. In this case there are 12
possible distinct hemichaimel forms and 1 of each homomeric hemicharmel form, 14
forms in total within a cell. For any two-coupled co-expressing cells there are 14 xl4
possible combinations or 196 types of possible gap junction chatmel including the
formation of 2 heterotypic forms. For all 196 forms only one would be a homotypic
Cx40 or Cx43 and no configuration of a single heterotypic form would exist since Cx40
and Cx43 do not form heterotypic channels. In addition, homomeric hemichannels linked
to any heteromeric hemichannel in an adjacent cell are also considered to be heterotypic
gap junction channels. It is impossible to know whether there are significant differences
in gating or conductance for so many potential forms. For A7r5 cells, the observation of
charmel conductance, unlike homomeric/homotypic Cx40 and Cx43, provides strong
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evidence for the presence of heteromeric forms. Figure 6 shows a schematic for the 14
total forms possible in any one cell co-expressing two mixable coimexins, given a
condition that the Cx40 and Cx43 expression ratio is 1:1 (p(Cx40) = p(Cx43) = 0.5).
There are 12 hybridized hemichannels and two homomeric hemicharmels. If the ratio of
Cx40 and Cx43 were large (e.g. Cx40: Cx43 = 10) then the predicted forms would tend
to arise from the heteromers on the left. The inverse (e.g. Cx40: Cx43 = 0.1) would
result from the forms arising from the heteromers on the right. For example, if Cx40 and
Cx43 expression levels were equal (each isoform represents 50% of the total connexin
pool), the chances of observing a homomeric/homotypic Cx43 (or Cx40) channel would
be 0.002 % (1/4096). If Cx40 were twice as prevalent as Cx43 (i.e. Cx40 represents 67%
of the total connexin pool), the incidence of homomeric/homotypic Cx43 channels would
decrease to ~1.7 *10"®, an 1199 fold decrease relative to equal expression levels. In
contrast the incidence of Cx40 homomeric/homotypic charmels would increase to 0.8%, a
400-fold increase. Clearly, small changes in the expression ratio have profound effects
on the channel population. For a dramatic case, if the Cx40: Cx43 ratio were reduced to
0.1, the probability of observing homomeric/ homotypic Cx40 charmels would reduce
1320-fold. If the functional properties of the heteromeric channels differ significantly
from the homomeric/homotypic forms, such a change in expression could dramatically
alter intercellular communication.
Assuming that formation of the 194 possible channel types is a purely random process,
the relative frequency at which any specific form is observed will be greatly influenced by
the ratio of the expressed proteins. Each of the possible channel types could have a unique
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conductance, most likely (but not necessarily) lying between the conductances of the
homomeric/homotypic forms. Bukauskas et al. examined the biophysical properties of
Cx40 channels expressed in HeLa cells. They demonstrated that homomeric/homotypic
Cx40 channels exhibited a 162 pS main state, a 28 pS residual state (recorded at the
temperature of 25°C), and infrequent substates of several amplitudes with KAsp (120 mM)
pipette solution (142).

In contrast, Valiunas et al. showed that Cx43 forms

homomeric/homotypic channels with main and residual state conductances of 61 and 12
pS, with a CsAsp (110 mM) pipette solution, and 96 and 23 pS respectively, with KCl (110
mM) pipette solution (42). With a patch solution of intermediate composition (67 mM
CsCl, 67 mM KGlutamate), we observed main and residual state conductances for Cx43 of
89 and 34 pS and for Cx40 of 166 and 26 pS. These values are in the same range as
previous reports for homomeric/homotypic Cx40 or Cx43 channels. The presence of large
numbers of events in the A7rS cells of amplitudes other than those observed in the
homomeric/homotypic setting strongly suggests the formation of heteromeric channels
with conductance properties distinct from the homomeric/homotypic forms.
In a previous study by Kuijiaka and Burt, the macroscopic permeability of the junctions
formed by A7rS cells was determined (S3). Under conditions comparable to those used in
this study, the junctions were permeated (nearly) equally well by small anions and cations,
but poorly by large ions of either charge. This permeation pattern is not easily explained
by any combination of homomeric/homotypic Cx40 and Cx43 chaimels. In view of the
data presented here, it appears this altered permeability pattern reflects the impact of
heteromeric channels on junctional function. From their study, Kuijiaka et al. observed
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that gap junction permeability was diminished in proliferating compared with its growth
arrested counterparts in A7r5 cells. They offered a scenario to explain this phenomenon
that during the cell proliferation Cx43 expression might be down-regulated whereas Cx40
expression might be up-regulated.
The unique functional properties of heteromeric Cx40/Cx43 charmels would be
expected to confer on tissues expressing these connexins' distinct physiologic properties.
Connexins 40 and 43 are co-expressed in cells of the cardiovascular system (e.g. in atrial
and ventricular myocytes and in vascular smooth muscle). The expression pattern of
cormexins in these tissues is altered by disease processes that result in cell injury, such as
hypertension, atherosclerosis and ischemia (99;150-152).

As described above, the

composition of the heteromeric channels is expected to be extremely sensitive to the
expression ratio of the contributing connexins. Thus, these changes in expression pattern
could dramatically influence the behavior of the macroscopic junctional conductance. In
this context our observations offer a mechanistic basis for the predisposition to
arrhythmias observed in Cx40 "knockout" animals. Based on the electrophysiological
data from

Bevilacqua and Simon, a targeted disruption in Cx40 leads to distinct

atrioventricular conduction defects (153). Using a transesophageal stimulation technique,
Hagendorff et al. observed conduction disturbances and increased atrial vulnerability in
Cx40-deficient mice. These data suggest that these animals' lack of Cx40 but retention
of Cx43 expression, predisposes them to arrhythmias (3;122;123).

Based on their

simulation study, Shaw and Rudy suggested that reduction of intercellular
communication plays an important role in very slow conduction in the cardiac myocytes.
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This slow conduction with a fully developed rising phase of the action potential, is
closely associated with the reentry circuit, which is a predisposition to arrhythmias. By
comparison, reduced membrane excitability only plays a role in the development of
conduction block (129). Shaw and Rudy's data further support the notion that altered gap
junction communication contributes to arrhythmogenesis.

Our results suggest that the

unique properties of the heteromeric channels (relative to the homomeric forms),
including

diversified

unitary

conductances,

broad

voltage

dependent

gating

characteristics, and possibly altered permeation characteristics, may be crucial to normal
rhythmicity.
The results of the present study demonstrated that Cx40 and Cx43 form functional
heteromeric gap junction channels, which in their homomeric/homotypic forms exhibit
distinct unitary conductances and voltage dependent gating behavior.

The diversity of

channel events in our single-channel recording and of voltage dependence on macroscopic
recordings are expected results if Cxs 40 and 43 fomi heteromeric/homotypic channels.
Consequently, we concluded that connexins 40 and 43 form heteromeric channels with
functional properties distinct from either Cx40 or Cx43 homomeric/homotypic channels.
The rules governing heterotypic and heteromeric channel formation among connexins
are not known.

The demonstration that two connexins which cannot form

homomeric/heterotypic channels, i.e. are apparently incompatible for docking, can form
heteromeric channels, indicates that docking may in part be determined by subunit
interactions within a connexon as well as between connexons.
supported by studies of chimeric connexins.

This conclusion is

In a chimeric study, Haubrich et al. demonstrated that the failure of Cx40 and Cx43 to
form homomeric / heterotypic charmels reflects their inability to dock with one another in
the extracellular space (40).

They replaced the extracellular loops (El & E2), the

cytoplasmic loop (C2), or the COOH-terminus (C3) of Cx40 with the corresponding
domains of Cx43, and determined whether the chimera formed functional, intercellular
channels (homotypic and heterotypic). They demonstrated that Cx40*43El, 2 (Cx40 with
replaced Cx43 El and E2 domains) form functional homotypic chaimels as well as
heterotypic channels with Cx43 or Cx40. They concluded that El & E2 were important for
functional docking, but did not dictate docking compatibility. The latter was determined by
the COOH terminus. Thus, an intracellular domain is apparently a critical determinant of
interactions in the extracellular domain. These data suggest that the membrane spanning
domains of these two connexins do not prevent these connexins from interacting to fomi
cormexons or functional channels. Thus available data are consistent with the possibility
that connexins 43 and 40 form heteromeric cotmexons.
In another study, Wang and Perracchia utilized chimeric connexins to evaluate
determinants of chemical gating of Cx32 (154). They concluded that hemichannel gating
sensitivity was not an average of the comprising connexin monomers. Instead, gating
sensitivity was similar to the less sensitive monomer in its homomeric/homotypic
configuration. Thus, channel behavior was apparently determined by sub-unit interactions.
Oiu: data, which indicate heteromeric channel formation by Cxs 40 and 43, further support
sub-unit interactions as an important determinant of docking as well as chaimel function.
In view of the fact that most mammalian cells express more than one tj^e of connexin, and
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the increasing evidence that heteromeric channels display unique functional properties, the
importance of defining the rules for channel assembly is increasingly apparent. The
capacity to form heteromeric channels could provide cells and tissues greater control
(regulatory flexibility) over their intercellular communication pathway, allowing
exploitation

of a

dynamic

range not

available through

formation of

only

homomeric/homotypic channels.

Many different subunits for vertebrate ligand and voltage gated ion channels have also
been cloned. These oligomerized into many different channel subtypes that are believed to
be specifically adapted to regulate precisely the function of the cells in which they are
expressed. Normally, the possible combinations of subunit isotypes far exceed the actual
number of different charmels.

The actual number of different channel subtypes that

assembled suggest that the assembly of subunits into a channel structure is unlikely to be a
random process. From our single-channel and voltage dependence data in macroscopic
recordings, diversified channel events and voltage sensitivities are exhibited. The diversity
of channels and gap jimction function conferred by co-expression of connexins 40 and 43
may provide such cells with considerable flexibility in regulating the fimction of their
intercellular communication pathway, flexibility that may facilitate responsiveness to a
broad range of physiological stimuli. Such flexibility could be of considerable importance
to cells in the cardiovascular system as they exploit the full dynamic range of this system.
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SIGNIFICANCE OF THIS STUDY
In this study we provided biochemical and electrophysiological evidence that Cx40
and Cx43 form functional heteromeric channels.

In addition, their functional

characteristics including the chaimel conductance and voltage response were assessed and
compared with their homomeric/homotypic counterparts. This is the first demonstration
of heteromeric gap junction channel formation and function in a mammalian cell line that
naturally co-expresses these or any other two coiuiexins.
Recent data from gene knockout studies provide strong support that the critical role is
played by gap junctions in suppression of arrhythmogenesis. Mice that harbor a single null
allele for the Cx43 channel exhibit slow ventricular conduction. Cx40-/- mice exhibit
abnormalities in the conduction system of the heart and slow conduction across the atria
and the ventricles. When conduction in the atria or ventricles slows unevenly, the potential
risk for re-entry arrhythmias is greatly increased. It has been established that Cxs 40 and
43 do not form heterotypic channels. Yet these connexins are co-expressed in atrial and
ventricular muscle as well as vascular smooth muscle. The unique biophysical properties
of Cx40/Cx43 heteromers and the potential unique regulatory strategies for the heteromeric
channels may be central to providing multiple levels of regulation of gap junction channel
mediated intercellular communication.

Thus, understanding of heteromeric channel

formation by Cx40 and Cx43 may shed light on the underlying mechanism of these
malignant arrhythmias and on hypertension, a disorder of cardiovascular smooth muscle
tone.
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The diversity of channel and gap junction function conferred by co-expression of
connexins 40 and 43 may provide such cells with considerable flexibility in regulating
the function of their intercellular communication pathway, flexibility that may facilitate
responsiveness to a broad range of physiological stimuli. Such flexibility could be of
considerable importance to cells in the cardiovascular system as they exploit the full
dynamic range of this system.
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2.2. MECHANISM AND SELECTIVITY OF HALOTHANE'S EFFECTS ON GAP
JUNCTION CHANNEL FUNCTION

ABSTRACT

Gap junction channels, which comprise connexins, provide intercellular communication
in many cell types. At least 14 connexins have been identified in the mammalian genome.
Gap junction channels formed from different coimexins have distinct conductance and
voltage gating properties as well as ionic permeability. Furthermore, most cells express
more than one connexin, many of which can form heteromeric/homotypic and
heteromeric/heterotypic

charuiels,

homomeric/heterotypic channels.

in

addition

to

homomeric/homotypic

and

The diversity of cormexin-specific channels and

heteromeric channel formation makes studying the single-charmel properties of gap
junction channels a complex issue. Due to the large number of charmels that cluster in the
gap junction, halothane has been widely used to reduce coupling between cell-pairs and to
study the single-charmel behavior of gap junctions. However, the mechanism underlying
halothane's effects on gap junction-mediated communication has yet to be elucidated. In
addition, there are no data regarding the relative sensitivity of the various channel types to
halothane. In this study, we investigated the mechanism and selectivity of halothane's
effects on the function of gap junction channels comprise Cx40 and Cx43. Using a dual
whole-cell voltage clamp approach we studied data from single-channel recordings in the
presence and absence of halothane. These data reveal that halothane reduces gap junction
communication by reducing channel open probability. Further, we studied macroscopic
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junctional current during application of different halothane concentrations for homomeric
Cx43 channels in Rat-1 cells, for homomeric Cx40 channels in N2A-Cx40 cells and
heteromeric Cx40/43 channels in A7r5 cells. We observed that heteromeric Cx40/Cx43
channels exhibited greater sensitivity to halothane than homomeric Cx43 or Cx40 channels.
Our results indicate that single-channel data collected during halothane application may not
faithfully represent the real profile of channel types in the cells that co-express multiple
connexins. Furthermore, our results may shed light on the mechanistic explanation for
halothane's arrhythmogenic activity in the heart.
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INTRODUCTION

Gap junctions are specialized cell-cell contact regions that contain tens to thousands of
intercellular channels that link two apposed cells. Unlike other ion channels, a gap junction
channel consists of two hemichannels (connexons). Connexons contain either a single type
of connexin (homomeric), or multiple connexins (heteromeric). Each of two adjacent cells
contributes one hemichannel. Hemichannels are oligomers, formed by six connexins that
belong to a gene family of at least fifteen identified members. Gap junction channels
provide an intercellular pathway for ions and small solutes that have a molecular weight
less than 1 KiloDalton (155). Gap junctions are found in almost every tissue and cell type
and play important roles in physiology as well as pathophysiology. In the heart, for
example, gap junction channels permit the rapid cell-to-cell conduction of action potentials,
ensuring coordinated contraction of the cardiomyocytes. Gap junctions are also present in
the nervous system where electrical synapses are used in neuronal pathways requiring
maximum speed, synchronous neuronal firing and switching between neuronal pathways
by passing neuronal transmitters and calcium waves between astrocytes (156;157). In
addition, gap junction channels allow passage of second messengers and other permeable
intermediates e.g. IPS, cAMP, cGMP, etc (158). Therefore, intercellular communication
through gap junction channels has functional roles in cell survival, differentiation,
metabolism and electrical syncytium (159).
Different connexins have distinct conductances and voltage sensitivity, as well as
permeability (42; 160). Most cells express more than one connexin, making it difficult to
determine unique connexin channel properties. The diversity of connexins expressed by

94
various tissues suggests that the cell-specific distribution of gap junction channels may
contribute to the tissue-specific regulation of intercellular communication. For example, in
the heart, the number, size and spatial distribution of gap junctions are important
determinants of electrophysiological properties and contribute to the velocity and
anisotropy of conduction in different regions of normal and diseased myocardium (161163).
For most cell types junctional conductance (^) is too high for single-channel events to
be readily discerned due to the large number of charmels (9;34).

Since junctional

conductance (gj) equals the product of the number of available channels (N), chaimel open
probability (Po) and channel unitary conductance (y,):
have been used to overcome high values of

gj

gj

= N * Po * yj, several techniques

so that single-channel events can be

discerned. In order to achieve this, two strategies are commonly used. The first strategy is
to dissociate cells and then study newly formed junctions with a low number of
condibuting charmels. The other involves expression of the connexins of interest in a
communication-deficient cell type and selection of clones with a low level expression and
consequently a low level of functional channels. The first of these has the advantage of
utilizing cells fi-om a tissue of interest that naturally expresses the junction but suffers fi-om
the necessity of enzymatically digesting the cells. The second strategy precludes the study
of tissue-specific regulation of chaimel function and assumes that channel behavior is
constant across expression systems, thus, both stirategies require manipulations of the cells
(enzymatic dissociation) or junctions that limit experimental questions and design.
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To observe single-channel behavior in well-coupled cells of a tissue of interest, one
needs to reduce coupling with an agent. For example, halothane has been widely used to
uncouple cells. Records &om cell pairs in which gj is reduced in this manner are useful for
evaluation of the channel unitary conductance (yj).

However, if the cell expresses more

than one type of connexin, making the assumption that these agents "gate" all types of gap
junction channels with equal sensitivity is unwarranted.

Moreover, determination of

transient or steady state gating activity may be compromised, as these uncoupling-agents
are presumed to reduce channel open probability. To date, no study has been conducted to
address the mechanism that underlies halothane's effect on gap junction channels nor has
the selectivity of halothane's effects on gap junction channels comprise different connexins
been assessed. It is commonly assumed that chaimel events observed in the presence of
halothane are representative of the total population present in the junction. The validity of
this assumption requires that all channels exhibit identical concentration-dependent effects.
This assumption has not been rigorously evaluated. In the current study we examine this
assimiption using A7r5 cells, a cell line that naturally co-expresses both Cx40 and Cx43, as
well as cells expressing only Cx43 or only Cx40. We also attempt to elucidate the
mechanism underlying reversible uncoupling by halothane.

We observed that in the

presence of halothane the gap junction channels in A7r5 cells exhibit a signijScant increase
in mean closed-time and a significant decrease in mean open-time resulting in a striking
overall decrease in

Q.

P

In addition, the heteromeric Cx40/Cx43 channels were more

sensitive to halothane than the homomeric/homotypic Cx43 and Cx40 channels. These
results are discussed m three aspects: i) the usefubiess of halothane in single gap junction
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channel studies, ii) the possible mechanisms whereby halothane causes channel open
probability to decrease, and iii) the adverse effects of halothane in the clinical setting.

METHODS AND MATERIALS
Cells and culture conditions
A7r5 cells were obtained from

the American Type Culture Collection (ATCC)

(Rockville, MD). The smooth muscle character of the cells was confirmed by testing for
the smooth muscle specific proteins: a-actin and desmin (136). Cells were grown until
confluent in Dulbcco's MEM (Gibco, Gaithersburg, MD), supplemented with 10% heatinactivated (56°C for 30 min.) fetal bovine serum and 100 units/ml penicillin, 100 units/ml
streptomycin solution and pH adjusted to 7.2. Two clonal populations of A7r5 cells, 6B5N
cells in which Cx43 expression level was elevated and 2A6 cells in which Cx43 expression
level was reduced, were also used in these studies. Homomeric/homotypic Cx43 channels
were studied in Rat-1 cells, a fibroblast

cell line that expresses only Cx43.

Homomeric/homotypic Cx40 channels were studied in mCx40 stable transfectants (N2ACx40) obtained fi-om Dr. Steve Taffet (SUNY at Syracuse).
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Electrophysiology

Single-channel recording
Confluent A7r5, 6B5N, 2A6 or Rat-1 cells were trypsinized (0.25% trypsin in Ca-Mg
free phosphate buffered saline) and replated at low density on glass coverslips. After 30
minutes incubation at 37°C, the cells were subsequently maintained and used for
electrophysiological experiments at room temperature. Single channel data were typically
obtained within 2.5 hours of plating. The macroscopic recordings were obtained within 4 5 hours of plating. N2A-Cx40 cells were plated at low density 2-24 hours prior to
electrophysiological study. For all cell types, coversUps with attached cells were mounted
in an experimental chamber and the cells bathed in a solution containing (in mM): 142.S
NaCl, 4 KCl, 1 MgCh, 0.9 NaH2P04,5 Dextrose, 2 Na-Pyruvate, 10 HEPES, 15 CsCl, 10
TeaCl and 1 BaCh.

Dual whole-cell voltage clamp (DWCVC) was carried out as

previously reported (53;64;108). Patch-type microelectrodes (5-10 MJ2) were fabricated
from 1.2 mm filament glass (AM systems) on a Sutter Instruments puller (Novarto, CA).
The electrodes were filled with a pipette solution containing (in mM): 67.8 CsCl, 67.8
KGlu, 10 TeaCl, 0.5 CaCU, 3 MgCh, 5 Dextrose, 10 HEPES, 10 EGTA, 5 NaaATP, and
6.7 Na-creatine phosphate. After the DWCVC configuration was achieved, both cells were
held at 0 mV and altemately stepped to - 10 mV to determine macroscopic junctional
conductance. Single-channel events were studied in newly forming junctions, with one or a
few functional channels, or in well-coupled cells following halothane treatment to reduce
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gj.

Channel events were typically obtained with a transjunctional driving force of 40 mV,

although some records were obtained with larger driving forces. Data were digitized
(Neurocorder, model DR 484, fix)m Neuro Data Instruments, N.Y., N.Y.) and stored on
videotape for playback or off-line analysis (64).

Macroscopic recording and application of haiothane
Macroscopic current was evaluated in cell-pairs with macroscopic junctional
conductances between 1.8 - 15 nS.

For macroscopic recording, haiothane was

suffused over the cells after dual whole-cell voltage clamp configuration was
established and macroscopic junctional current had stabilized. The DWCVC protocol
was as previously described (64). Haiothane was applied through a suffusion line to
the recording chamber at a rate of ~ 25 ml/min. The diluted haiothane was exposed to
air only as it entered the experimental chamber where the flow rate provided for
complete exchange of the bath 10 times during the 2 minute exposure period (36).
Three concentrations of haiothane at 1, 2 and 4 mM were prepared for the
experiments. The 1- 2 mM concentrations of haiothane correspond to approximately
1-3%, which is in the range of concentration for clinical application (164;165).
Voltage and current data were displayed on a Gould Brush Recorder (Gould
Instruments, Cleveland, Ohio) with frequency response limited to < 100 Hz.

Data analysis strategies
Dual whole-cell voltage clamp was used to obtain single channel records in the
presence and absence of haiothane from A7r5 cells, an embryonic neonatal rat aortic
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smooth muscle cell line that co-expresses connexins 40 and 43. Desired segments of the
records were filtered

(8-pole Bessel, 50 Hz) and acquired (Data Translation) for

computerized single-channel analysis using the software of Patch.app., which was
developed by Ramanan and Brink (143;144). "Single-channel" records were analyzed off
line using Ramanan and Brink's program to determine the channel mean open-time
(MOT), mean closed-time (MCT) and open probability (Po)(64). All-points histograms
were constructed and fit to provide the channel open probability.

The peak-to-peak

distance of an all-points histogram is indicative of channel amplitude. The selected trace
then was idealized and analyzed by Findmean, a sub-program that generates mean opentime, mean closed-time and channel open probabilities. The theoretical base for this
analytic program is the continuous Markov's chain, a model-independent method for
estimating the mean open-time and mean closed-time for individual chaimels in a multi
channel patch. The program assumes that events of each channel type are identical and
independent in the patch. It is usefiil in both homogeneous and heterogeneous cases of the
channel population. If there is more than one channel type in the patch, theoretically, these
mean times can be found by solving a set of linear equations, providing the number of
channels in the patch and their Pq are known (166).
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RESULTS
Macroscopic recording
Halothane reversibly reduced gap junction communication in a concentrationdependent fashion for A7r5 cells (and its clones), Rat-1 cells and N2A-Cx40 cells (Figure
13).

Three different channel types (heteromeric Cx40/Cx43, homomeric Cx40 and

homomeric Cx43) exhibited different sensitivity to halothane at the concentration of 2
mM. This concentration has been reported by others as the commonly used concentration
to uncouple cells. Figure 14 shows the time course of halothane's effect on gap junction
conductance for the three different channel types: heteromeric Cx40/43 channels in the
A7r5 cells, homomeric/homotypic Cx43 channels in Rat-1 cells or homomeric/homotypic
Cx40 channels in N2ACx40 cells.

Panels A, B and C show the time course of

halothane's effect on A7r5, Rat-1 and N2A-Cx40 cells respectively at concentrations of
1, 2 and 4 mM. Junctional conductance was normalized such that the conductance
immediately before exposure to halothane was considered 100%. Subsequent changes in
junctional conductance were calculated as a percentage of the initial conductance.
Average junctional conductances for each cell type at each concentration were not
different (see Table2.1.1.). These data show that at 4 and 2 mM concentrations halothane
gated gap junction channels of A7r5 cells to closure within approximately 80 and 140
seconds, respectively. At 4 mM of concentration, the time course of halothane's effect
on gj in Rat-1 cells, which express only Cx43, was not different from those in A7r5 cells.
However, at 2 mM, it took approximately 120 seconds for halothane to reduce the
junctional conductance by 50% in the Rat-1 cells vs. 70 seconds in the A7r5 cells.

It
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also appears that A7r5 cells were more sensitive to halothane than their Rat-1
counterparts at a 1 mM concentration of halothane.

On the other hand,

homomeric/homotypic Cx40 channels in N2A cells are less sensitive to halothane
compared to both A7rS and Rat-1 cells. It took more than 400 seconds at 2 mM and
approximately 200 seconds at 4 mM concentration of halothane respectively to gate 80%
of the Cx40 homomeric/homotypic channels to the closed-state (data not shown, but see
Figure 13). Table 2.2.1 summarizes the time course of halothane-induced uncoupling in
A7r5, Rat-1 and N2ACx40 cells. At the concentration of 2 mM halothane, the time
required for the junctional conductance to fall to 50% of its initial amplitude (t5o%) was
66 ± 12 (M ± SD) seconds for A7r5 cells (n = 4), vs. 131 ±38 seconds for Rat-1 cells (n
= 4) and 231 ±120 seconds for the N2A-Cx40 cells (n = 5).

These values were

significantly different fi-om each other. At the concentration of 4 mM, the time course for
halothane-induced uncoupling was much shorter for all cell types, with tsoo/, of 32 ± 12
seconds for A7r5 cells (n = 4), 26 ± 2 seconds for Rat-1 cells (n = 3) and 118 ± 34
seconds for the N2A-Cx40 cells (n = 4) respectively. The t5o% values for A7r5 cells vs.
Rat-1 cells were not different; however, the t5o% for N2ACx40 cells was significantly
slower than in the A7rS cells and Rat-1 cells. Since A7rS cells express both Cx40 and
Cx43, and it has been reported that these connexins form heteromeric charmels (64;167),
the macroscopic data presented here strongly suggest that Cx40/Cx43 heteromeric
chaimels are more sensitive to
homomeric/homotypic chaimels.

halothane than either the Cx40 or Cx43

Furthermore, the concentration-response data suggest

that at the concentration of 2 mM, the halothane selectivity was well distingmshed for the

three different channel types; however, at concentration of 4 mM, this distinction was lost
for A7r5 and Rat-1 cells.

Single-channel recording
Halothane reversibly reduced junctional conductance (gj) in A7r5 cells by reducing
channel open probability (Po). The reduction of Po was achieved by altering both the
charmel mean open-time and mean closed-time. From single-channel traces, it is apparent
that the channel mean open-time was reduced and the mean closed-time was increased.
Figure 15 shows a section of a single-channel record from A7r5 cells in the absence of
halothane. The number of channel open events was high and the dwell time of the open
state was long compared with the halothane-treated counterparts. Note the diversity of
charmel amplitudes in the absence of halothane indicated by divergent peak-to-peak
distances in the all-points histogram. Figure 16 is a single-channel trace obtained from
A7r5 cells during the early recovery period following uncoupling by halothane application.
The number of channel open events was initially low but increased during the course of
recovery from halothane - induced uncoupling. It is evident that the open duration of these
sojourns is brief and closed duration is long in the early portion of the record. Also note the
lack of diversity of channel amplitudes compared with the record in the absence of
halothane. This pattern of homogeneity is indicated by predominant ~ 140 pS events.
Under control conditions, in the absence of halothane, MOT was 1287 ± 1623 ms (M ±
SD) and MCT was 875 ± 80 ms, yielding a Po of 0.57 ± 0.24, n = 6 (six cell-pairs and total
886.5 seconds included). Halothane caused a significant reduction in MOT, to 132 ± 99
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ms, and a significant increase in MCT, to 17,095 ± 15,145 ms, which together yielded a
large decrease in Po, to 0.032 ± 0.039, n = 4 (four cell-pairs and 390 seconds included).
These data indicate that halothane reduces gap junctional communication by reducing the
open probability of gap junction channels. In addition, under control conditions mode
shifting behavior was common. Figure 17 illustrates an example of mode-shifling behavior
of gap junction channels observed in A7r5 cells under control conditions. There were long
periods during which a channel remained open with no closiu'cs and long periods where a
channel was closed with no openings followed by periods of frequent opening and closing
events. In contrast, single channel records obtained in the presence of halodiane revealed
episodes of high frequency, fast opening and closing events reminiscent of "flickering" in
other ion channels (Figure 16) (168). This data indicate that halothane also affects the
kinetics of gap junction channels.
Biophysical data obtained from 6B5N cells demonstrated a pattem similar to A7r5 cells
in the presence of halothane. The mean open-time of channels was short whereas the mean
closed time was long. As a result, the open probability of charmels was low (see Table
2.2.2.). To evaluate the connexin-specific effect of halothane, the open probability of
channels with different transitional amplitudes was analyzed in two subclones along with
parental A7r5 cells. 2A6 and 6B5N cells were derived from parental A7r5 cells that were
stably transfected with anti-sense DNA to Cx43. According to Western Blot data from our
laboratory, 2A6 cells express a higher Cx40;Cx43 ratio and 6B5N express a lower
Cx40:Cx43 ratio than the A7r5 parental cells. In Figure 18, Panels A, B and C present the
cumulative open-time distribution for A7r5, 6B5N and 2A6 cells in the presence of
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halothane. From Panel A, one can see 140 pS events have a much higher open probability
than any other events. In A7r5 cells, the Cx40:43 ratio is ~3:1.

Consequently, the

probability of forming homomeric/homotypic Cx40 charuiels is approximately 3%, if
connexin interaction is a random process. It is apparent (Panel A) that 140 pS events,
which resemble Cx40-like channels, predominate in the A7r5 cells.

From Panel B, one

can see that SS pS and 85 pS events have relatively high open probabilities, although, the
highest peak is at 100 pS events. Westem Blot analysis indicates that in the 6BSN cells,
the Cx40/Cx43 expression ratio is 1:1.6, the probability of forming homomeric/homotypic
Cx40 channels is only about 0.27% at the expression ratio. Nevertheless, even at this low
probability, the 140 pS events are still observed. The 2A6 cells have a higher Cx40/Cx43
expression ratio than the A7R5 cells (mRNA ratio of Cx40/Cx43 is 11:1) (unpublished data
from J.M. Burt et al.). It is apparent that 140 pS events predominate during the recovery
period in these cells. These data suggest that Cx40-Iike and Cx43-like channels have
higher open probabilities during the early recovery than do heteromeric channels. The
single-channel events obtained from 6BSN cells further revealed sequential events of
channel recovery post application of halothane as shown in Figure 19. The events of 140
and 165 pS, which represent Cx40-like channels, predominate in the early recovery period;
whereas 85 pS events, which approximate Cx43-like chaimels, predominate in the later part
of the trace. From this trace it is interesting to note that early during the halothane washout,
the recovery of the Cx40-like channels occurred first, followed by Cx43-Iike channels.
These data fiirther suggest that Cx40-like channels are less sensitive to halothane-induced
reduction of open probability, since they recover first during washout.
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Section 1

Section 2

Section 3

Figure 13: An example trace represents the reversible reduction of halothane - induced
reduction of gap junction communication in which N2ACx40 cells were used. The
junctional current was obtained from the cell that clamped on 0 mV. The macroscopic
junctional currents were measured and stabilized and then 2 mM halothane was suffused
on the cells at the rate of 25 ml/min. Section 1 shows the reduction of junctional
conductance after application of halothane. Section 2 shows the continuation of
reduction of junctional conductance during the continued application of halothane. The
temporary increase of junctional conductance on the right side was an indication of a
brief interruption of halothane application due to the exchange of perfusion syringes.
Section 3 shows the post halothane application recovery of junctional conductance.
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Figure 14: Panels A, B and C show the time course of halothane's effect on Ar75, Rat-1
and N2ACx40 cells respectively. The triangle, circular and square symbols represent the
concentrations of 1, 2 and 4 mM halothane respectively. Junctional conductance was
normalized such that the conductance immediately before exposure was considered
100%. Subsequently changes in junctional conductance were calculated as a percentage
of the initial conductance. Each data point is presented as Mean ± SE. (1 mM data for
N2ACx40 cells is not available).
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Figure 15: A "single-channel" record obtained from A7r5 cells under control conditions (in
the absence of halothane). Transjunctional voltage was 40 mV, Celli held at 0 mV, Celb at
40mV (current from Celli displayed). The opening events are downward. The number of
channel open events was high and their duration was long compared with halothane-treated
counterparts. Note the diversity of channel amplitudes observed under the control
conditions. Peak-to-peak all-points distances from the all-points histogram do not reflect
the transitional channel amplitudes.
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Figure 16: Single-channel record obtained from A7r5 cells during the spontaneous recovery
period following uncoupling by halothane (~ 2 mM). Transjunctional voltage was 40 mV,
Celli held at 0 mV, Celh at 40 mV (current from Celli displayed). Opening events are
downward. The number of channel events was low and increased during the course of
recovery from halothane-induced uncoupling. In addition, it is apparent that the open
duration of these sojoums is brief and closed duration is long in the early portion of the
record. Note the lack of diversity of channel amplitudes. The bottom trace is expanded
from a section of the top trace, which exhibits predominant transitional channel amplitudes
of 140 pS. Note that the peak-to-peak distances in the all-points histogram are more
homogeneous compared with the trace obtained in the absence of halothane.
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Open

a7r5 cells, 40 mV, tnodeshllting exmaple, 012496
Closed

Figure 17: A single-channel record obtained from A7r5 cells under control conditions (in
the absence of halothane). Transjunctional voltage was 40 mV, Celli held at 0 mV, Celh at
40 mV (current from Celli displayed). The opening events are upward. The number of
channel open events was high and their duration was long compared with halothane-treated
counterparts. Mode shifting of the gap junction channels is apparent. The channels
exhibited an active opening and closing in one section, stayed in an open mode for a long
period of time, and then the channel entered into a very active closing-opening mode again.
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Figure 18: Figures A, B and C present the cumulative open-time distribution for A7r5,
2A6 and 6B5N cells in the presence of halothane, respectively. 2A6 and 6B5N cells
were derived from parental A7r5 cells that were stably transfected with anti- sense DNA
to Cx43 and express different ratios of Cx40 and Cx43. According to the Westem Blot
data from our laboratory, 2A6 cells express higher Cx40 and 6B5N express lower Cx40
than A7r5 parental cells. These data collected at early recovery time ranged from 80 120 seconds after the single-channels events re-occurred following a silent period under
halothane application. These data suggest that Cx40-like and Cx43-like channels have
higher open probability during the recovery period.
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Figure 19: The single-channel record shows the single-channel events obtained from 6B5N
cells in the presence of halothane (~2mM). Cellt was voltage clamped at - 40 mV and Celh
at 0 mV. Top panel is a 120-second trace during recovery from halothane-induced
inhibition of gap junction channels. Panels A, B and C are expanded portions and are
sequential representation of the whole record. From these traces, it appears that 140 pS and
165 pS events are predominant at the early recovery and are followed by 86 pS events.

Table 2.2.1. Time course required for halothane-induced reduction of
junctional conductance by 50% in A7r5, Rat-1 and N2ACx40 cells

Cell type
(Cx)
A7r5 cells

Halothane
2mM

gj(M±SD)

nS
9.3 ± 4.5

(n = 4)

(Cx40/43)
Rat-1 cells

150% (M±SD)
(seconds)

2mM

131 ±38,
(n = 4)

7.2 ± 1.3

N2A
(Cx40)

2mM

231 ± 120
(n = 5)

10.6 ±5.7

A7r5 cells
(Cx40/43)

4 mM

32 ±12,

7.6 ± 2.7

Rat-1 cells
(Cx43)
N2A
(Cx40)

4 mM

(Cx43)

(n = 3)

4 mM

Statistically significant, t

26 ±2,
(n = 4)
118±34,^'=J
(n = 4)

8.0 ± 4.2
7.5 ± 5.6

(time to 50% reduction in junctional conductance).

[a]; signilGcantly different from Rat-1cells.
[b]: significantly different from N2ACx40 cells.
[c]: significantly different from A7r5 cells.
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Table 2.2.2. Biophysical parameters of gap junction channels in A7rS cells
in the presence and absence of halothane

MOT (ms)
M±SD

MCT (ms)
M±SD

Po
M±SD

Control
n=6

1287 ± 1623

875 ± 80

0.57 ± 0.24

Halothane
n=4

132 ±99

17,095 ± 15,145

0.032 ± 0.039

P

<0.05 »

<0.05*

<0.05*

Treatment

Statistically significant

Table 2.2.3. Biophysical parameters of gap junction channels
in 6B5N cells in the presence of halothane

File#

Time
(s)

MOT

MCT

(ms)

(ms)

72696a

80

290

2250

72696b

70

271

861

#of
sojourns

#of Chls

0.11

63

1

40

9.8"'

0.24

251

1

40

9.8-'

Po

Vj
(mV)

Qa'

goodness of fit
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DISCUSSION

Halothane, 2-Bromo-2-Chloro-l,l,l-Trifliiroethane, is a volatile anesthetic agent. It is
well established that halothane blocks intercellular communication via reversible reduction
of gap junction conductance (36;164;169-172). In the present study we demonstrate that
halothane affects gap junction conductance by reducing the channel open probability.
Further we show that halothane's effect is dose-dependent in a cormexin-specific fashion.
Our data indicate that heteromeric Cx40/Cx43 channels are more sensitive to halothane
than homomeric/homotypic Cx43 and Cx40 charmels. Many single-charmel data have
been published using halothane as an uncoupling agent (107;173;174). For those cells
that express only one type of connexin, the single-charmel amplitude(s) collected in the
presence of halothane probably accurately sample all chaimels, although it is possible that
phosphorylated chaimels could exhibit different sensitivity to halothane than
unphosphorylated chaimels. In the case where cells co-express more than one type of
channel, the situation is more complex than their sole-connexin counterparts.

The

observed charmel events from any cell type expressing more than one connexin type,
wherein halothane was used to observe single-channel events, may not accurately sample
the true population of channels.
Our data indicate that the heteromeric Cx40/Cx43 gap jimction channels in A7rS cells
are more sensitive to halothane than Cx43 homomeric/homotypic gap junction channels in
Rat - I cells and Cx40 homomeric/homotypic channels in N2A-Cx40 cells. Single-channel
records obtained from A7rS cells in the presence of halothane revealed single-channel
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events of a more homogenous amplitude distribution than occurs in the absence of
halothane.

In the early recovery period after application of halothane the all-points

distribution is similar to what is observed in cells that express homomeric Cx40 channels
which have a transitional amplitude of about 140 pS (Figure 16). Thus, our results strongly
suggest that heteromeric Cx40/Cx43 channels are more sensitive to halothane than
homomeric/homotypic Cx43 or Cx40 channels.
The mechanism underlying of the sensitivity of heteromeric Cx40/Cx43 is not known.
Recently, Bevans et al. reported that heteromeric Cx32/26 hemi-channels are more
sensitive to pH and cyclic nucleotides than homomeric Cx32 hemi-channels in a
reconstitution system (175;176). Their data are consistent with our observations regarding
halothane's effect on heteromeric Cx40/Cx43 channels. Many investigators have used
halothane (and other lipophilic agents) to reduce coupling between cells to reveal single
charmel events. Due to the fact that different channel types have different sensitivities to
halothane, the proportion of channel population revealed in the presence of halothane is
different than these channel-types present in the macroscopic junction.
Moore and Burt collected single-channel data from A7r5 cells using halothane as an
uncoupling agent (107). They reported that relative frequency histograms of their data
were well fit by three peaks corresponding to channel amplitudes of 70, 108 and 140 pS.
In view of current resuhs, the distribution of charmel types they observed may not be
truely representative of the profile of different channel types in these cells. Using the
same pipette solution, we observed in the absence vs. presence of halothane many more
channel amplitudes (Figure 9 and Figiire 15). In particular, the open probability of each
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peak from the axis of channel amplitude, which is indicated by the area under curve of
each peak, is altered by halothane.

Some investigators have used halothane to reduce junctional conductance when they
were studying the effects of second messengers on unitary events. For example, Moreno
et al. investigated the effects of 8 Br-cAMP, TPA and isoproterenol on Cx43 channels in
human corpus smooth muscle ceils (173). They used halothane to reduce junctional
conductance in order to observe single-channel events. The relative frequency histogram
revealed increased frequency of certain channel amplitudes and decreased frequency of
others. These results were interpreted to indicate that phosphorylation altered unitary
amplitudes. Based on current data, this conclusion may be risky, since halothane could
differentially affect open probabilities of these observed channels. It would be very
difficult to single out the effect of second messengers from halothane, since both second
messengers and halothane affect open probability.
In another study Elenes et al. reported multiple gap junction unitary conductances
between isolated canine right atrial myocytes (177).

According to immuno-

cytochemistry and Western blot data, they demonstrated that Cx40, Cx43 and Cx45 are
co-expressed in canine right atrium. They investigated the channel amplitudes in isolated
myocytes from canine atrium using 2 mM halothane as an uncoupling agent to examine
"single-channel" amplitudes. They observed channel conductances of 66, 108, 142, 166,
and 200 pS. Based on their data of homomeric conductances for the three connexins
(30pS for Cx4S, 120 pS for Cx43 and 180 pS for Cx40), it appears that the channel
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amplitudes from atrial myocytes may more likely be from homomeric chamiels. This
argument is further supported by macroscopic conductance analysis. The macroscopic
conductance from the cell-pairs they studied was 70 ± 28 nS. If we assimie the average
conductance for one channel was 100 pS, there would be about 700 channels present. In
that case the opening channels were reduced to 1 - 4 channels. The odds of picking up
the events that truly represent the heteromeric channel population would be low if
halothane preferably inhibits the heteromeric Cx40/Cx43 channels.
The present study demonstrated that halothane uncouples cells by reducing the open
probability of gap junction channels.

This reduction in the channel open probability

occurs via an increase in channel mean closed time and a simultaneous decrease in
channel mean open time. However, the present study does not offer a mechanistic
explanation for how halothane reduces the channel open probabilities.

Burt et al.

discussed in detail several possible mechanisms underlying closure of the gap junction
channels in their 1989 paper (36).

These possibilities included direct effects on the

channel through binding to the channel or alteration of the lipid environment aroimd the
channel, indirect effects on the channels, for example, through reduction of intracellular
pH or pCa. Both halothane-induced alterations of Ca, and pH, were discounted by the
authors as a major factor in halothane's effect on gap jimction communication. Their
conclusion was based on the fact that uncoupling occurred in the presence of strong
intracellular buffering for both of these ions and when extracellular calcium was either at
normal (1 mM) or reduced levels (0.5 mM EGTA without added calcium).
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Halothane has been reported to transiently inhibit calcium waves between cells.
Deutsch et al. investigated halothane's effects on acinar cell's intracellular Ca^"^
concentration (Ca ^"^i signaling. At 4 mM concentration halothane alone induced a
sustained rise in (Ca

and also inhibited Cholecystokinin (CCK) induced Ca

oscillation. CCK at the concentration of 20 pM induced (Ca ^"^i oscillations in single
acinar cells within the acinus to a peak of 275 +/- 17 nM, rising from a basal level of 55
+/- 3 nM. These oscillations as well as Lucifer yellow dye coupling were completely
abolished by superfusion with 4 mM halothane. Halothane, however, over the same
concentration range, also exhibited similar inhibitory effects on (Ca ^"^i oscillations in
single cells dispersed from the acinus suggesting additional effects other than on gap
junctions. Halothane inhibited inositol 1,4,5-trisphosphate [Ins(l,4,5)P3] production in
response to both 1 and 10 nM CCK, possibly explaining its effects on (Ca ^^i
oscillations.

In conclusion, Deutsch's data suggested that halothane affects IP3

production and Ca^"^ mobilization in acinus cells (178). However, it is still questionable
to conclude that halothane's effect on gap junction communication is via the elevation of
(Ca ^^i. First, the concentration of (Ca
to

required to reduce gap junction conductance

of its initial value is > 100 jiM. If Ca

is involved in this halothane-induced

uncoupling process, it would have been an indirect effect. Further the pipette solution we
used contained 0.5 mM EGTA, which strongly buffers the calciimi concentration. It is
unlikely that Ca^*^ can explain the mechanism of halothane's effect of reducing gap
junction conductance. However, the indirect effect of halothane-induced (Ca ^"^i. change
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on the gap junction channels could not be totally ruled out, since we don't know if the
calmodulin pathway is involved in this process.
Our data suggest that halothane reduces gap junctional communication by reducing
the open probability of gap junction channels. Single channel records obtained in the
presence of halothane revealed episodes of high frequency short openings, reminiscent of
"flickering" in other ion channels. Based on the channel reversibility and fast opening
and closing (flickering) diiring the early recovery period post halothane application, it
may be possible that the halothane molecule acts as an "open channel blocker", which is
similar to the "flickering" phenomena that occur in the nicotinic activated acetylcholine
channels (168).
In addition to these hypotheses, halothane-induced perturbations in the bulk
membrane fluidity or at the membrane - protein interface would affect the conformation
of the membrane - bound proteins as well as direct interaction with the gap junctions.
Both progressive closure and ultimate collapse of the gap jimction channels as well as
gated closure of the gap junction are all possible considerations.

It is well documented that halothane has several adverse effects in the clinical setting.
For example, halothane increases cerebral blood flow, inhibits the baroreceptor-induced
increase in heart rate usually seen with lowered blood pressure, and increases the right
atrial pressure. Halothane-impaired cardiac conduction appears to be a necessary part of
the etiology of these arrhythmias (9; 179). Junctional rhythm is conmion with halothane
due to suppression of sinus node activity. Halothane produces dose-dependent and drug-

120
specific effects on the cardiovascular system. Arterial blood pressure is reduced by
halothane, primarily by decreases in myocardial contractility and cardiac output (180).

Clinically, there is ample evidence that indicates halothane is aniiythmogenic and
causes temporary arrhythmias (179;181). The observation of the sensitivity difference
among homomeric Cx43 and Cx40 and heteromeric Cx40/Cx43 channels may explain
some of halothane's effect on arrhythmogenesis, but may also raise some mechanistic
questions as to why and how halothane gates gap junction channels in a selective manner.
In particular, the younger population is more susceptible to halothane's arrhythmogenic
effect.

On the other hand, Gallagher et al. and Novalija et al. reported from their

independent studies that halothane abolished ventricular arrhythmias and abnormal
automaticity in post-infarcted canine ventricular tissue, which suggests that halothane or
similar agents may benefit patients prone to developing such arrhythmias during surgery
(182;183). Gallagher perfused barium on excised canine ventricular Piurkinje fibers and
induced early afierpolarization, a cause of triggered arrhythmia in those patients with long
Q-T syndrome. Halothane reduced the rate of firing in a dose-dependent manner so that
abnormal automaticity was abolished with 4% of halothane and reduced by a lesser
concentration. In this case, halothane antagonized both abnormal automaticity and early
after-polarization. In a separate study, Navalija also demonstrated that halothane inhibits
post-infarction ventricular arrhythmias.

Although the dual-effect of halothane on the

cardiac conduction system looks complex, it is consistent that this dual-effect occurs in
tissue that co-expresses more than one connexin type. The mechanism of halothane for this
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dual-effect on cardiac rhythmicity is unknown, but these clinical observations support the
hypothesis that halothane's effect on gap junction communication is tissue-specific and
dose-dependent.

Selective effects of halothane on heteromeric Cx40/Cx43 charmels

compared with homomeric Cx43 chatmels may explain this unique dual-effect on cardiac
rhythmicity.
It has been reported that atrial and ventricular cells co-express more than one type of
connexin. Furthermore, spatial and quantitative changes of these gap junction proteins are
associated with normal developmental (e.g. early child development and aging) and
pathological process (e.g. atrial fibrillation and ventricular arrhythmias, etc.). For example,
it has been reported that during sustained atrial fibrillation (AF), the expression of Cx43
increased, whereas during post - infarction ventricular tachycardia (VT), the distribution
pattern of Cx43 was dramatically disrupted around the epicardiai border zone (EBZ) in the
canine heart.

Although, the effect of these arrhythmias on Cx40 expression and

distribution are not known, the alteration of Cx43 expression and distribution may explain
how halothane plays a role in these arrhythmias. As we know, at least 194 heteromeric
channel formations are possible if Cx40 and Cx43 are co-expressed in the same cell or
tissue. If the expression ratio of Cx40: Cx43 is altered, the probability of forming certain
homomeric or heteromeric charmels may be greatly altered too. Since halothane may affect
these chaimel types with different sensitivities, it is conceivable that halothane may have a
dual-effect or even a multiple effect on cardiac rhythmicity. If halothane selectively closes
heteromeric channels, leaving predominantly homomeric channels functional, then this
setting would mimic the Cx40 knockout mouse which also displays an increased incidence
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of arrhythmias. Burt et al. demonstrated that the conductance of cardiac gap junctions is
reduced by halothane.

They also reported that the uncoupled effect is observed at

anesthetic concentrations that do not dramatically alter cardiac cell excitability (36). This
finding is consistent with the previously measured responsiveness of sodium and potassium
channels to similar doses of these anesthetics. These observations raise the possibility that
alterations of the action potential produced by these anesthetics in syncytial preparations of
heart tissue may reflect alterations of cell-to-cell coupling rather than, or in addition to,
alterations of the intrinsic electrical properties of the cells. Our data and the results from
the recent theoretical simulation study from Quan and Rudy regarding cardiac excitation,
provide both experimental and theoretical evidence to elucidate the possible mechanism
underlying halothane-induced arrhythmias (184).
Theoretically either unidirectional block or dramatically differing conduction rates is a
necessary condition for the development of reentry. Therefore the vubierability to reentry
can be expressed in terms of the vubierability to the induction of unidirectional block.
Shaw and Rudy described quantitatively the probability of unidirectional block in terms of
the vulnerability window (129). The vulnerability window is characterized by a spatial
asymmetry of excitability, brought about by asymmetry of recovery from inactivation of
the excitatory sodium current.

Vulnerability to unidirectional block increases with a

uniform increase in the degree of inter-cellular uncoupling at the gap junction. In contrast,
uniform decrease of membrane excitability has a smaller effect on vulnerability. Based on
data from Rudy et al., reduction of membrane excitability reduces both conduction velocity
and (dV/dt) max. The simultaneous fall in dV/dt with conduction velocity limits the window
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of vulnerability from 54 to 17 cm/s (factor of about 3) at which point conduction block
occurs. In comparison, reduced intercellular coupling can support very slow conduction
velocities, 1-2 cm/s, and therefore a broad window of vulnerability.

In summary,

halothane-induced uncoupling could significantly reduce conduction velocity and maintain
a very slow conduction pathway in the heart. This slow conduction may serve as a
substrate for the reentrant pathway and arrhythmias.
In summary, our data demonstrate that halothane reduces gap junction channel open
probability in a dose-dependent fashion. At high concentrations of halothane, the cells
uncoupled very quickly and recovered much more slowly than with lower concentrations.
At a lower concentration, halothane transiently closes the gap junction channels and then
the chaimels reopen. This transient uncoupling and re-coupling can cause a dramatic
disturbance of gap junction conductance, which can be hazardous, particularly in the
cardiac conductive pathway.

Furthermore, we observed that heteromeric Cx40/Cx43

channels were more sensitive to halothane than the homomeric Cx43 and Cx40 channels.
This increased sensitivity of heteromeric channels may imderlie the arrhythmogenic effects
of halothane. Since multiple connexins are expressed throughout the heart, some of which
form heteromeric channels, (121) the selectivity and connexin-specific effects of halothane
may "amplify" its arrhythmogenic effect.
These data bring up more questions that need to be addressed in future studies. Some
of these are outlined below.
1. Halothane may serve as a useful tool to investigate the gating mechanism of gap
junction channels. Specifically, study of halothane's effects on heteromeric channels may
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provide information regarding single connexin gating vs. synergistic gating by multiple
connexin subunits, since different connexins showed different sensitivities to halothane.
2. Further investigation of halothane's selectivity in the cell lines that express Cx40
and Cx43 but with a different Cx40:Cx43 ratio. The information generated from these
experiments may shed light on the mechanism that underUes the dual-effect of halothane on
cardiac arrhythmias.
3. Using transgenic mice that are deficient in Cx40 or Cx45 to investigate the
halothane's arrhythmogenic effects as well as the mechanism of normal and abnormal
cardiac conduction.
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2.3. SUMMARY AND FUTURE DIRECTION

Summary of the study
Connexins 40 and 43 are two of most abundant connexins that are widely expressed in
different organs and tissues. These two connexins are co-expressed in many cardiovascular
tissues, such as atrial tissue and conductive pathways of the heart and blood vessels. These
co-expressions raise the possibility of forming heteromeric and heterotypic channels, since
functional gap junction channels are comprised of two hemichatmels that consist of six
subunits (connexins). The mechanism of heteromeric chaimel formation is yet to be
elucidated; however, it is recognized that heteromeric channel formation will influence gap
junction conductance, the flow of electrical and chemical signal propagation, gating
behaviors and kinetics. Therefore, it is conceivable that heteromeric channel formation
may also have physiological significance. An alteration in number and spatial distribution
of certain types of connexin or change of relative ratio of two/multiple connexins during
the physiological and pathological process may affect gap junction communications. For
example, it has been reported that knockout Cx40 expression in mice caused delayed atrio
ventricular conduction and increased vulnerability to atrial arrhythmias, such as atrial
fibrillation.
In this study, using both biochemical and biophysical techniques, we demonstrated that
Cxs 40 and 43 form heteromeric channels in rat aorta smooth muscle cells.

These

Cx40/Cx43 heteromeric channels exhibit distinct functional properties not well predicted
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by homomeric/homotypic Cx40 or Cx43 channels. Our data represent a first demonstration
of heteromeric channel formation and flmction in a mammalian cell line that naturally coexpresses the connexins.
In this study, we also investigated halothane's effect on heteromeric Cx40/Cx43
channels that are expressed in A7r5 cells, homomeric/homotypic Cx40 in N2A-Cx40 cells
and homomeric/homotypic Cx43 in Rat-1 cells. We conclude that halothane reduces gap
junction communication by reducing the open probability of the channels.

We also

observed the connexin-specific dose-dependent sensitivity of halothane's effect on gap
junctional coupling. Heteromeric channels in A7r5 cells are more sensitive to halothane
than their homomeric counterparts. Halothane has been widely used as an uncoupling
agent to reduce gap junction conductance in order to study "single-chaimel" behaviors.
Our data suggest that the profile of "single-chaimel " events one observed in the presence
of halothane may not be a true representation of whole channel population in the gap
junctions, due to the connexin-specific and dose-dependent response of gap junction
channels to halothane. Therefore, the validity of the methodology study of "singlechannel" data in the presence of halothane needs further investigation. Furthermore, our
data may offer some mechanistic explanations to halothane's dual-effect on cardiac
arrhythmias.
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Future research directions:
Our laboratory is interested in gap junction channels and their function in the
cardiovascular system. My personal interest is focused on the role of gap junction channels
in maintaining cardiac rhythm. The current study and those by many other investigators
demonstrated that gap junction channels play a very important role in normal rhythmicity
in mammalian hearts and altered gap junction communication provides substrates for
arrhythmias. There is expanding information regarding cellular electrophysiology and its
relationship to clinical arrhythmias; however, until recently this information has been
mainly focused on automaticity of cardiac tissue. The role of gap junction channels on
arrhythmogenesis is yet to be understood. It is obvious that a decrease in intercellular
communication via gap junction chaimels will reduce propagation velocity in the heart.
The role of gap junctions in determining conduction, even under normal conditions, is often
under appreciated; in particular, the physiological significance of heteromeric channel
formation is largely unknown. In addition, there is no connexin-specific agent that is able
to block specific gap junction chaimel types. This makes the study of the gap junction's
role on heart conduction more difficult. Thanks to a new technique that is capable of
"inducible knock-out" and "inducible knock-in' of the gap junction gene of interest, we are
able to study the roles of specific gap junction chaimels.
There is growing evidence to support the fact that gap jimctions provide very important
intercellular communication in cardiac tissue that is essential to cardiac rhythm. Altered
gap jimction communication can cause various types of arrhythmias. However, what role
the underlying mechanism of gap junction commimication plays in the physiological or
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pathophysiological setting, is yet to be elucidated. Elucidation of the mechanistic basis of
gap junction channels will not only enrich our understanding of the basic science aspect,
but may also provide a potential therapeutic solution for some cardiac arrhythmias. I am
interested in future studies of the role of the gap junction channels in the mechanisms that
underlie some of the most common but serious arrhythmias, such as atrial fibrillation and
ventricular tachycardia.

The following are areas of immediate interest to me:
1. Examining the potential role of altered connexin distribution in atrial fibrillation:
To date, most clinicians believe that multiple reentrant wavelets that co-exist in the
atrial tissue are a major cause of atrial fibrillation. From the electrophysiologist's point of
view, abnormal automaticity, originating firom altered membrane ionic channel activities,
and abnormal intercellular commimication, originating from

altered gap junction

communication, are responsible for atrial fibrillation. To date, no study has been conducted
to evaluate the correlation between altered gap junction communication and atrial
fibrillation. In particular, no study has explored the role that the heteromeric gap junction
channels might play in this arrhythmogenic process. As reported, Cx40, Cx43 and Cx45
are co-expressed in the atrial tissue. These cormexins can form homomeric as well as
heteromeric channels. It is also reported that the expression and distribution pattem of
these connexins changes during aging as well as during a pathological process. As we
discussed above, change in the expression ratio of these coimexins can significantly afifect
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the homomeric and heteromeric channel formation. To dissect the role that an individual
connexin as well as certain heteromeric channels might play, I will use an
electrophysiological approach to study animals in which a specific gap junction gene has
been "knocked out" or "knocked in". Animals without a designated connexin due to
removal of the gene of interest are called knocked out animals. Animals that reintroduce
the designated connexin by introducing the gene of interest are called knocked in animals.
By studying the susceptibility to atrial fibrillation of these animals with different connexin
expression patterns, the mechanism that underlies the role of individual connexin and
heteromeric chaimels can be assessed.
2. Pulmonary vein (PV) study:
Recently, the local foci of atrial fibrillation in tlie pulmonary vein have received a lot of
attention from clinicians. A large number of cases have shown that by destroying the local
foci in the pulmonary vein by interventional means such as catheter-mediated ablation,
normal sinus rhythm can be restored; however, the theoretical basis for these procedures is
unknown (185).

I am interested in exploring the role of gap junction communication in

atrial fibrillation that originates from the pulmonary vein. I will create sustained AF animal
models by chronic electrical stimulation (pacing) on the atrial tissue.

Then I will

characterize the cormexin expression, namely Cx40, Cx43 and Cx45, and distribution
patterns on the ostium of the pulmonary vein in control animals and in the animals with
sustained AF. The expression and distribution pattern will be compared among the control
and AF animals.

I would fiuther investigate the cormexin expression and distribution in

AF animals after termination of AF by pharmacological or interventional means. These
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data will provide useful information as to whether an altered gap junction expression and
distribution pattern in these animals caused atrial fibrillation. These data should be useful
in the further exploration of therapeutic strategies to treat this arrhythmia.

3. Arrhythmogenic right ventricular dysplasia:
Arrhythmogenic right ventricular dysplasia (ARVD) is characterized by ventricular
arrhythmias and a specific right-sided ventricular pathology (186). The manifestation of
this disease is an association of fatty tissue in the myocardium with ventricular
tachycardia. Based on the data from our laboratory and others, there is evidence that
fatty acids inhibit gap junction communication. Furthermore, fatty tissue may also alter
the gap junction distribution in ventricular myocardium in chronic cases.

This

pathological condition would reduce the conduction velocity in the ventricle and create
potential unidirectional block and reentrant circuit that predisposes ventricular
myocardium to arrhythmias. I am interested in characterizing gap junction distribution in
this diseased tissue compared with normal ventricular tissue and the changes after
pharmacological intervention. This study will enhance our understanding of the role that
the gap junction charmel plays in the mechanism of ventricular arrhythmias for patients
with right ventricular dysplasia.
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