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ABSTRACT Gap junctions are plaque-like clusters of
intercellular channels that mediate intercellular communica-
tion. Each of two adjoining cells contains a connexon unit
which makes up half of the whole channel. Gap junction
channels are formed from a multigene family of proteins
called connexins, and different connexins may be coexpressed
by a single cell type and found within the same plaque. Rodent
gap junctions contain two proteins, connexins 32 and 26. Use
of a scanning transmission electron microscope for mass anal-
ysis of rodent gap junction plaques and split gap junctions
provided evidence consistent with a model in which the channels
may be made from (i) solely connexin 26, (ii) solely connexin 32,
or (iii) mixtures ofconnexin 26 and connexin 32 in which the two
connexons are made entirely ofconnexin 26 and connexin 32. The
different types of channels segregate into distinct domains,
implying that connexon channels self-associate to give a non-
random distribution within tissues. Since each connexin confers
distinct physiological properties on its membrane channels,
these results imply that the physiological properties of channels
can be tailored by mixing the constituent proteins within these
macromolecular structures.

Direct intercellular communication is mediated by membrane
channel structures called gap junctionst (1). These intercellu-
lar channels regulate cell metabolism (2), differentiation (3),
and the transmission of electrical impulses (4). Each cell
contributes half of the intercellular channel, an oligomeric
assembly of integral membrane proteins called a connexon
(ref. 5 and Fig. 1). Connexins, a family of related proteins with
a common folding topology, are the constituent proteins of the
connexon (6).

Different connexins may be present within a given cell type.
Rodent hepatocyte gap junctions contain both connexin 32
(Cx32) and connexin 26 (Cx26). Cx26, consisting of 226 aa, is
the smallest of the gap junction protein family, whereas Cx32
contains 272 aa. Mouse liver gap junction preparations contain
Cx32 and Cx26 in a molar ratio of -2:1, while in rat liver
preparations the ratio of Cx32 to Cx26 (7) is -10:1. In guinea
pig liver the majority of the protein is Cx26 (8). Connexins 26
and 32 colocalize both in situ and in isolated gap junction
plaques (7, 9). Functional heterotypic junctions are obtained
when the mRNAs for Cx32 and Cx26 are expressed in paired
Xenopus oocytes (10). Competition experiments involving
coinjection of Cx32 and Cx26 mRNAs inXenopus oocytes show
that heterotypic junctions of Cx32 and Cx26 form with equal
probability to homotypic junctions (11). However, it is not
known whether heterotypic connexon pairs occur in vivo, and
these physiological studies cannot discern mixtures of connex-
ins within connexons.
These observations raise the possibility that naturally oc-

curring gap junction channels could be formed from more than
one type of connexin. The mixed channels may have distinct
physiological roles, since homotypic junctions have distinctive
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FIG. 1. Illustration of the gap junction lattice and measurements
made on scanning transmission electron microscope (STEM) images.
Each connexon is drawn as a hexamer of connexin subunits. Vector A
is the lattice constant. Vector D is the outer radius of the connexon,
-34 A. The measurements shown in the histograms of Figs. 5 and 6
are the total mass within the circle of radius R.

voltage gating properties which depend on the constituent
connexins. Three possibilities for the associations of Cx26 and
Cx32 within connexons are that (i) each gap junction channel
is made from only one type of connexin (homotypic channels),
(ii) individual gap junction connexons are made from only one
type of connexin but connexons made from different connex-
ins associate with each other (heterotypic channels), and (iii)
gap junction channels are made from random mixtures of
connexins (heteromeric channels). Populations of connexons
in which the connexins associate according to these three
possibilities are predicted to have different mass distributions
(Fig. 2). By applying image analysis methods to micrographs
obtained from a STEM, it is possible to identify individual
connexons in a gap junction plaque and determine their
masses. Here I describe an application of STEM mass analysis
(12) to isolated gap junction membranes to determine the
protein composition of the connexon units and the distribution
of different connexins within gap junction connexon arrays.

MATERIALS AND METHODS
Isolation of Gap Junctions. Mouse and rat liver gap junc-

tions were prepared by the method of Fallon and Goodenough
(13). This protocol produces gap junction plaques that are
more crystalline than plaques obtained with the protocol
devised by Hertzberg (14). There was no possibility of subunit
exchange because the membranes were never solubilized.
Single layers of connexons (split junctions) of these same
samples were prepared by treatment with 4 M urea at pH 8
(15).
Gel Electrophoresis. SDS/polyacrylamide gels and immu-

noblots were prepared according to Francis et al. (16). The

Abbreviations: Cx26 and Cx32, connexins 26 and 32; STEM, scanning
transmission electron microscope.
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anti-Cx32 antibody (17) and the anti-Cx26 antibody (18) have
been described. Densitometry was performed on an E-C
Apparatus densitometer.

Electron Microscopy. Specimens imaged with conventional
electron microscopy were stained with 2% uranyl acetate and
examined on a Philips 301 electron microscope. Samples were
prepared for the Brookhaven STEM and images were re-
corded as described by Sosinsky et al. (19).
Modeling of Connexon Populations. The curves shown in

Fig. 2 were calculated from the protein part of the assembly by
assuming that the connexon is a hexamer and that the overall
composition is 2:1 in Cx32 and Cx26. Errors were modeled by
convolving the ideal distributions with Gaussian distributions
with standard deviation or. Population distributions for the
case in which there were random mixtures of connexins in each
connexon were modeled by using a random number generator
to sample the various possible combinations.
Image Analysis. Images were chosen for correlation analysis

only when the calculated diffraction patterns showed diffrac-
tion spots characteristic of hexagonal lattices and the lattice
constants were within range of previously observed lattice
parameters (20). The [1, 0] and [0, 1] vectors and relative
orientation to a horizontal axis were measured from the
calculated diffraction pattern. Correlation analysis methods
for identifying the connexon-pair centers (21, 22) were applied
by rotating a reference image containing an arrangement of a
central connexon plus its six neighbors by the measured
orientation angle and cross-correlating the reference with the
boxed and floated STEM image. Peak maps identifying the
positions of the connexon centers were calculated from the
cross-correlation maps. For the images that contained more
than one lattice domain, cross-correlation maps were calcu-
lated for each domain. Peak maps were cut and spliced
together in order to calculate coordinates for connexons or
connexon pairs.
Mass Determinations. Coordinates for the connexon cen-

ters were put into the mass calculation program and the pixel
intensities were integrated over a radius of 37 A (see Fig. 1).
Each pixel in the digital STEM image corresponds to 10 A.
Background measurements were made for each image by
boxing areas of carbon film around the membranes. For each
image, the background value was typically the average of two
to four boxed areas of carbon film around the membrane. The
standard deviation of this background value within each image
was usually <4% of the average background, suggesting that
the local carbon film thickness was uniform. Tobacco mosaic
virus (TMV) was included as a mass standard. TMV scale
factors are usually accurate to better than 5% (12). Each
experimentally determined TMV scale factor was plotted
against the average background for the image. A line was fit by
a least-squares algorithm to obtain a relationship for convert-
ing measured masses to absolute mass values. As an additional
scale factor, mass-per-area measurements were also made for
purple membrane samples.
Mass measurements were obtained from large numbers of

channels (>1000 measurements for gap junction plaques and
100-300 measurements for single connexon layers). Images
that are color-coded according to the values of the observed
masses (see Fig. 5) were calculated in a one-to-one correspon-
dence with the original image to show the mass distribution of
the connexons within the membrane plaque.

RESULTS
Protein Composition of Mouse and Rat Gap Junction

Samples. As judged by SDS/PAGE and densitometry (Fig. 3),
the connexin composition of the rat liver plaques was -1:10 in
Cx26 and Cx32. In mouse liver gap junctions the proportion of
Cx26 to Cx32 was -1:2. The presence of these proteins was
further verified by immunoblotting (Fig. 3). The complicated
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FIG. 2. Calculated mass distributions for mouse gap junction
plaques. Model connexon mass distributions were calculated in order
to interpret the experimentally determined histograms from individual
images. Solid lines indicate curves broadened by standard deviations
(simulated errors) of 5% of the mean mass; dashed lines indicate errors
of 10% of the mean; and dotted lines are the positions of the peaks
without measurement errors. A-C are calculated for whole membrane
channels, whereas D and E are calculated for connexons. (A) Two
populations of homomeric homotypic junctions, (B) Three combina-
tions are possible: two types of homotypic junction and one heterotypic
junction. (C) Random mixtures of Cx32 and Cx26 in both connexons
(14 possible combinations). (D) Two populations of homomeric
connexons. (E) Random mixtures of 7 possible combinations of two
connexin isoforms. These simulations show that for two populations of
homotypic junctions which are different in mass by 20% of the mean,
the percentage error must be -5% of the average masses in order for
the two mass maxima to be resolved.

banding pattern of the Cx32 immunoblot of the rat liver gap
junction sample is due to proteolytic products of Cx32 and
their oligomers. The immunoblot reaction enhances all protein
products containing the epitopes. Since the detection reaction
used is enzymatic (horseradish peroxidase; see ref. 16), the
blots are not quantitative. The protein composition is more
quantitatively measured by Coomassie staining than by immu-
noblotting. The SDS/PAGE banding pattern of the split
junction samples was the same as for the intact junctions,
indicating the same relative proportions of Cx26 and Cx32.

Quantitative Analysis of STEM Images of Intact Gap
Junctions. STEM images of mouse and rat liver gap junctions
(Fig. 4) do not show as high-resolution diffraction patterns as
low-irradiation negatively stained or frozen-hydrated TEM
images, but the connexons were comparably packed within a
hexagonal lattice (see diffraction patterns in Fig. 4). Cracks in
the membranes, particularly evident in the rat liver prepara-
tions, were due to freeze drying of samples for collection of
STEM data.
For the images obtained in this study, the lattice constants

for individual domains ranged from 80.2 ± 2.8 A (n = 74) for
the mouse liver gap junction preparation to 83.9 ± 3.0A (n = 44),
80.9 ± 3.1 A (n = 29), and 86.6 ± 3.5A (n = 8) for three separate
preparations of rat liver junction. Lattice constants for single-
layer connexon lattices were smaller, 77.5 ± 2.1 A (n = 7) for
single mouse layers derived from the mouse gap junction sample
and 80.4 ± 4.0 A (n = 24) obtained from the first rat liver gap
junction sample.

Because of the low contrast in the STEM images, the
connexon boundary was not discernible. The observed mass
distributions shown in Figs. 5 and 6 are higher than the
expected mass distributions shown in Fig. 2 because the
experimentally measured area of4500 A2 includes lipids as well
as the connexon (or connexon pair).
A comparison of the average gap junction channel masses

obtained from each of the 44 mouse liver gap junction images
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FIG. 3. Protein composition. (A) As judged by SDS/PAGE fol-
lowed by Coomassie blue staining, the connexin composition in rat
liver plaques (lane R) is -1:10 in Cx26 and Cx32. In mouse liver gap
junctions (lane M) the Cx26/Cx32 ratio is -1:2. Molecular masses
(kDa) of standard proteins (Stds) are at left. (B-D) The presence of
Cx26 and Cx32 was verified by immunoblotting with two antibodies,
one specific for Cx32 (B) and one which recognizes Cx26 (C). The
anti-32 immunoblot in B was then blotted with the anti-26 antibody to
show the nonoverlap of the two bands (D). Arrowhead in D indicates
the presence of proteolyzed Cx32, which runs slightly slower than Cx26,
in the rat preparation. No proteolysis products were found in the
mouse preparation. The higher molecular weight species in the
anti-Cx32 Western blots are aggregates of Cx32.

and the 28 rat liver gap junction images revealed skewed
average mass distributions for both mouse and rat samples
(data not shown). However, the mass averages in the mouse
data set are skewed toward higher masses, while the distribu-
tion of rat averages are skewed toward lower masses. This
skewing reflects the expected difference in the relative pro-
portions of Cx26 in the two samples. The lower observed
masses of the rat specimens may be due to proteolysis of Cx32.

In the mouse liver specimens (where the Cx26/Cx32 ratio
was 1:2), 4 images from a data set of44 gave bimodal distributions
of connexon masses. In these cases, the separation between the
two mass maxima was about 20% of the total mass. Therefore,
these bimodal mass distributions are consistent with populations
containing homotypic channels which consist solely of Cx26 and
Cx32 (with expected protein masses of 312 and 384 kDa). Fits to
these bimodal histograms were performed by the Marquardt-
Leverberg method (23) with a two-Gaussian function with vari-
able positions, widths, and peak heights. These fits gave standard
deviations for the Gaussians which were 5-6% of the mean
values, which can be taken as a measure of the noise in the
connexon mass determinations. When these 4 images were
displayed in color, a segregation ofchannels with different masses
became apparent (Fig. 5 Top). A difference image between
correlation averages from "heavy" and "light" mouse membrane

channels in the image presented in Fig. 5A appears to show some
structure in the connexon region. The difference image is not
uniform as would be the case ifpart of the plaques were underlaid
by some contaminating material (data not shown). Mass-per-
unit-cell measurements in areas of the image containing mainly
Cx32 and areas containing mainly Cx26 were consistent with
expectations based on the protein and lipid composition obtained
by x-ray analysis (5). Thus, the homotypic channels appear to
self-associate into separate domains.
The other 40 images in the mouse liver data set gave

unimodal distributions of connexon masses. In some of these
plaques the rms value of the mass distribution was only -5%
of the mean mass (Fig. 5 Middle). Plaques which give unimodal
mass distributions with small standard deviations are most
likely to contain connexons consisting of only a single type of
connexin. Therefore, these mass distributions were interpreted
as containing a single population of either Cx26 or Cx32,
depending on the average mass of the population.
The mass distribution from a population of connexons

containing heterotypic junctions of Cx26 and Cx32 in stoicho-
metric quantities should broaden to give rms values of -9% of
the mean (see Fig. 2B). Therefore, plaques which give a
broader (rms variation > 8% of the mean) unimodal distri-
bution of masses may be accounted for by connexons which
contain mixtures of Cx26 and Cx32 (Fig. 5 Bottom). However,
in the presence of expected errors in the connexon mass
determinations, curves with the same general appearance
could be obtained for junctions made from mixtures of either
connexons of single connexin types or gap junctions in which
the connexins were randomly assembled (Fig. 2 B and C).
As an experimental control on the reliability of these histo-

grams, a similar analysis of rat liver junction plaques (which
contain primarily Cx32) was carried out. Only 1 image from a data
set of 28 images had a bimodal appearance. In this case, the
smaller peak occurred at a lower mass value, indicating a small
proportion of Cx26 homotypic junctions. Thus, the analysis of the
ratjunction data is consistentwith the large preponderance (10:1)
of Cx32 and Cx26.
Using the equation of Wall and Hainfeld (24), the error in

mass measurements of individual gap junction membrane
channels is -7% of the mean mass. Given the inverse rela-
tionship between mass and accuracy, relative errors in mea-
surements for hemichannels should be slightly larger. As a test
of the accuracy of the measurements, a portion of the carbon
film (which should have no periodic structure) was cross-
correlated with an arbitrary connexon reference image. The
average standard deviation for mass distributions from 20
images of carbon films was 4.0 ± 0.7% of the mean. For 15
images of membranes which did not contain hexagonal dif-
fraction patterns, the average standard deviation for those

FIG. 4. Gap junction images. STEM
micrographs of freeze-dried mouse gap
junctions (A) and split junctions (single
layers of connexons) (B). The connexons
are held within a hexagonal lattice as
indicated by their diffraction patterns (In-
sets). In B, arrows point to single connexon
membranes and arrowheads point to dou-
ble membrane layers.
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FIG. 5. Mouse gap junction STEM images, mass maps, and histograms. Computed connexon masses are displayed on a 1- to 600-kDa color table
to show the distribution of connexon masses within the individual micrographs of mouse gap junctions. These "mass maps" (Center, color table
is displayed as an Inset in Bottom) are helpful in interpreting the histograms (Right) and checking the analysis against the original images (Left).
The micrographs are displayed on an expanded color table but represent pixel intensities of 0-255 (color table is displayed as an Inset in Bottom
Left). In a small number of images in the mouse liver preparation, the histograms were bimodal with a separation between peaks that was "20%
of the average mass (Top). In these cases, the high and low mass junctions segregate into distinct domains. While most of the mouse images gave
unimodal mass distributions, the width and positions of the mass maxima varied. In the mouse preparations many images gave sharp mass
distributions (Middle) whereas other images gave broader unimodal distributions (Bottom).

histograms was 5.9 ± 0.7% of the mean. These measurements
reflect the intrinsic error in measurement.

Analysis of Split Junction Images. In the analysis of the
whole junctions, the broad unimodal histograms could be
explained by either heterotypic homomeric membrane chan-
nels or by two paired heteromeric connexons. To decide
between these two possibilities, mass distributions for connex-
ons in urea-split plaques of mouse junctions were obtained. In
both the rat and mouse data sets, the average masses obtained
from split junctions were always half of the masses obtained
from intact junctions. This reflects an internal consistency of
the absolute scaling of the whole- and split-junction data sets.
A peak-fitting analysis of histograms of single connexons
reveals bimodal mass distributions in three of five images (Fig.
6A) and unimodal distributions (rms value 9% of the

average value) in the other two images (Fig. 6B). When masses
from all five images are combined, the total population
appears bimodal (Fig. 6C). The ratio of the peak heights of
these Gaussians is consistent with the -2:1 ratio of Cx32 to
Cx26 obtained from the densitometry of the gel bands in Fig.
3. The average masses used in the curve fitting were 10%
higher than the calculated protein mass because the measured
masses contained some lipids. In Fig. 6, these masses corre-
sponded to 211 kDa for homomeric Cx32 connexons and 172
kDa for homomeric Cx26 connexons. A third Gaussian, cor-
responding to a putative population of heteromeric connexons,
was also included in the histogram fitting. The magnitude of
this third Gaussian was either within the estimated errors of
the analysis or vanished in the analysis. The histograms in Fig.
6A and C contain a tail at high masses which may reflect some
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FIG. 6. Mass histograms from split mouse liver gap junctions. (A) Mass histogram obtained from split mouse gap junctions that is well fitted
by two populations of homomeric connexons. These two populations are modeled by curves with Gaussian error distributions. (B) Example of a

connexon mass histogram that is well fitted by a single Gaussian model for a single type of connexon. This is essentially a unimodal mass distribution
of CX32 with no significant contribution from Cx26. (C) Histogram of the pooled connexon masses. This histogram appears bimodal and is fitted
by two populations of connexons corresponding to Cx32 and Cx26. The standard deviations for the fitted Gaussians shown were chosen to be -7%
of the average masses (211 kDa for Cx32 and 172 kDa for Cx26). This standard deviation was used to illustrate the physical model in Fig. 2.

unexplained adhering mass. Peak separations slightly larger
than the expected values may be due to differences in adhering
lipids or residual urea from the splitting buffer. Mass histo-
grams obtained from images of split rat junctions were all
unimodal (data not shown). This analysis of the split junction
plaques indicates that the individual connexons in these sam-

ples are made of solely Cx26 or solely Cx32.

DISCUSSION
Summary. The results from analysis of whole and split

mouse gap junction plaques are consistent with the interpre-
tation that connexins of the same type are grouped together
into connexons. However, the connexons may pair with con-
nexons of either similar or different types.

Implications for Functional Channel States. Physiological
studies with the Xenopus oocyte expression system have shown
that it is possible to make functional channels from different
connexins (25, 26). Cx32 and Cx26 can be expressed in paired
Xenopus oocytes to create heterotypic channels with a voltage
profile shaped differently than that of the homotypic pairings
(10). Shortening of the C-terminal domain of Cx43 to the
length of the C-terminal domain in Cx32 changes the channel
properties so that its conductance properties resemble Cx32
homotypic junctions (27).

Evidence exists that indicates that heterotypic junctions may
exist in vivo. Lucifer yellow dye passed via gap junctions from
astrocytes (containing Cx32) to oligodendrocytes (containing
Cx43) and Muller cells, but rarely transferred in the opposite
direction (28). In addition, Cx32 has been shown to be expressed
in all parts of rat liver, whereas Cx26 is differentially expressed in
periportal regions (9). An analysis of confocal microscopy images
of rat epidermis shows domains of segregated Cx43 and segre-
gated Cx26 as well as regions of overlap of the two connexins (29).
However, due to the limitations of these techniques, plaques
containing interspersed homotypic channels cannot be differen-
tiated from plaques containing heterotypic junctions. The reso-
lution provided by the STEM is much greater and allows for
single-connexon mass measurements. The measurements pre-
sented here show that segregation of homotypic junctions occurs
and that mixtures of the connexin proteins in whole channels are

primarily due to pairings of different homomeric connexons.
These findings open the possibility that intercellular chan-

nels are tailored to suit the physiological needs of the cells by
varying the connexin composition of the channel. The STEM
mass analysis presented here provides evidence that three
types of channel made from Cx26 and Cx32 form in vivo, with
different types of channels segregating into distinct domains,
perhaps reflecting their original spatial tissue organization.
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