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I. Properties and Structure of High
Resistance Gap Junctions

Since the description of the gap junction
(or nexus) in the late 1950s and 1960s as a
site of intercellular communication be-
tween adjacent cells, a large amount of
literature has accumulated documenting
the anatomy and physiology of these low
resistance pathways between almost all cell
types (see reviews: 7,9, 11, 17, 28, 36, 37, 50,
52, 53, 57, 58, 60, 61, 76, 78, 81). In addition
to these studies, enriched preparations of
gap junctions have been isolated, using se-
lective detergent solubilization techniques,
from mammalian liver (6, 27, 31, 35, 38, 45)
from bovine lens (24, 39, 43), and from
mouse myocardium (48).

The gap junction is a differentiated area
of conjoined plasma membranes of adjacent
cells that is specialized to facilitate inter-
cellular diffusion of small metabolites
through low resistance pathways. A general
property of most gap junctions is the ca-
pacity to be switched rapidly from a low
resistance to a high resistance state that
effectively isolates a triggered cell from-
communication with its neighbors. This
switching phenomenon is discussed in
greater detail below; however, since alde-
hyde fixation is a potent stimulator of the
low-to-high resistance switch (7), it should
be noted that conventional studies of gap
junction ultrastructure are descriptions of
the high resistance state.

In thin sectioned specimens, the gap
junction appears as an area where the ap-
posed plasma membranes are aligned in

parallel, separated by a 2-nm “gap,” with
an overall junctional thickness of 15 to 18
nm (Fig. 1). Lanthanum impregnation (70)
and freeze-fracture electron microscopy re-
veal a characteristic substructure in the
plane of the gap junctional membranes not
apparent in thin-sectioned material. Figure
2 is an electron micrograph of freeze-frac-
tured gap junctions between mouse hepa-
tocytes, revealing a polygonal aggregation
of uniformly-sized intramembrane particles
that have been called “connexons” (36).

The two-dimensional lattice of connex-
ons in hepatocyte gap junctions is visual-
ized in the electron microscope to best ad-
vantage in micrographs of isolated, nega-
tively stained material. Figure 3 is an elec-
tron micrograph of isolated mouse hepato-
cyte gap junctions negatively stained with
1% aqueous uranyl acetate. Uranyl acetate,
sequestered in the 2-nm “gap,” outlines
those portions of the connexons located in
the gap, and stains a central, hydrophilic
domain in the center of each connexon. It
is thought that this central domain is an
end-on view of an aqueous channel that
connects the conjoined cells’ cytoplasms,
although it is not possible to decide from
these micrographs if this channel extends
across the full thickness of the junction,
from cytoplasm to cytoplasm.

Since the subunits (connexons) of the gap
junction are characteristically found in a
two-dimensional hexagonal lattice in the
plane of the junctional membranes in chem-
ically fixed tissue (70, 73) and in isolated
preparations (6, 38, 44), it is possible to
record low-angle X-ray diffraction patterns
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F1c. 1. At high magnification the gap junction in thin sectioned whole mouse liver appears as an intimate
association of the apposed cells’ plasma membranes, separated by a 2 to 3 nm “gap.” The zonula occludens
(tight junction) may be clearly distinguished from the gap junction in thin sections by the latter junction’s
uniform 15-nm thickness and lack of areas of fusion of the membrane outer leaflets.



F1G. 2. In freeze-fracture replicas, the gap junction appears as a polygonal lattice of particles on the P-
fracture face and a complementary lattice of pits on the E-fracture face, with a variable lattice constant in the
range of 8.5 to 9.5 nm. Note in this replica of mouse hepatocytes the severe narrowing of the liver extracellular
space at the gap junctions (open triangles) where the membranes approach to within 2 nm. The zonula
occludens presents branching and anastomosing fibrils and grooves on the P- and E-fracture faces, respectively,
and occupies an obligatory location immediately adjacent to the microvillus-engorged bile canaliculus (lumen
under the figure number). The extracellular space also narrows dramatically at the zonula occludens (closed
triangles).
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F1G. 3. Electron micrographs of isolated mouse hepatocyte gap junctions negatively stained with 1% aqueous
uranyl acetate reveal the hexagonal lattice of connexons, here with an 8-nm lattice constant. Each stain-
delineated connexon is pierced by a central dot or hydrophilic core. X-ray diffraction patterns suggest that this
core may extend partly or all the way across the 15-nm thickness of the gap junction.
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of isolated hepatocyte gap junctions
stacked in oriented pellets by high speed
centrifugation (16, 40, 41, 45, 56). These X-
ray diffraction patterns have demonstrated
that each connexon, presumably an inter-
cellular channel in the high resistance state,
is composed of a dimer of hexameric assem-
blies of protein subunits. The connexons in
the high resistance state aggregate in the
plane of the paired junctional membranes
to form a P6,, lattice. Figure 4 is an artist’s
conception of the arrangement of protein
and lipid in the gap junction based on the
integrated electron microscopy and X-ray
diffraction studies of Caspar et al. (16) and
Makowski et al. (56). Although the shapes
of the protein subunits are fanciful, the
drawing is a faithful representation of pro-
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tein mass distribution across the junctional
profile. Although direct connexon-con-
nexon interactions are possible, the resolu-
tion of the data used for this structure
determination does not permit direct obser-
vations, hence they are not drawn. The
isolated gap junctions are certainly in the
high resistance state, hence one would ex-
pect the central, intraconnexon channel to
be closed at some level. The location and
mechanism of channel closure are also be-
low the resolution of the data available,
thus at 18 to 20 A resolution, the channel
appears open.

Protein profiles, visualized by sodium do-
decyl sulfonate (SDS)-polycrylamide gel
electrophoresis, have been clouded by prob-
lems with proteolysis (35, 38) and low
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F1G6. 4. An artist’s (Sylvia Collard Keene) conception of the structure of the isolated, high-resistance mouse
hepatocyte gap junction summarizing electron density data calculated from X-ray diffraction patterns coordi-
nated with electron micrographs. The drawing summarizes 10 A data from the gap junction electron density
profile, and 25 A data from electron density fluctuations in the plane of the junctional membranes. The shapes
of the connexons are arbitrary but the relative protein mass at different junctional levels is drawn to scale. The
lattice constant of this specimen is 87 A. This figure is redrawn from the model of specimen E163 in Makowski
et al. (56).
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yields. To date, several laboratories have
reported quantitatively principal polypep-
tides from mammalian liver gap junctions
in the range of 27 kilodaltons (21, 31, 41)
although there are reports of peptides at 34
kilodaltons (25) and 38 kilodaltons (20).
From bovine lens, a principal polypeptide
of 34 kilodaltons has been reported (24),
while others resolve mainly a 27 kilodalton
polypeptide (2, 13, 39). A principal polypep-
tide of 27 kilodaltons has also been reported
in enriched preparations of gap junctions
from mouse myocardium (48).

As noted by Bennett (7), the above data
have been accumulated from gap junctions
in the high resistance state, with the possi-
ble exception of lenticular junctions. Cell
homogenization and fixation with alde-
hydes are potent stimulators of the low-to-
high resistance switch, discussed in more
detail below.

II. Properties and Structure of Low-
Resistance Gap Junctions

Observations by Goodenough and Gilula
(42) and controlled experiments by Perac-
chia (62) suggest that the connexons are
more tightly packed and crystalline in the
membrane plane under experimental con-
ditions that favor high resistance. These
observations, however, were made with
specimens fixed with glutaraldehyde, which
has probably switched all junctions from
low to high resistance. Recent experiments
by Raviola et al. (69), using ultrarapid freez-
ing techniques at liquid helium tempera-
ture, which avoid fixation and glycerination
(46, 84), reveal that the connexons are in a
highly fluid, disorganized morphology when
frozen under conditions that favor a low

‘resistance physiology. Under conditions
that favor the low-to-high resistance phys-
iological switch, the connexons aggregate
with time in the membrane plane, and form
the high-resistance crystalline morphology.

This pattern of morphological crystalli-
zation may be compared with recent elec-
trophysiological experiments by Loewen-
stein et al. (54). These investigators were
able to detect minute quantal steps in re-
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sistance between cells during channel for-
mation and uncoupling, detected by use of
a sinusoidal current input in one cell and a
phase sensitive measuring system in the
adjacent cell. The quantal steps were about
0.61 uV and suggest that each channel or
group of synchronized channels behaves au-
tonomously. If the control is at the level of
single channels it would appear that each
channel is independently switched. One can
imagine that this switch is effected by a
structural change in each gap junction con-
nexon. In the open channel (low resistance)
conformation, the connexons have little or
no mutual affinity. As the connexons switch
to high resistance, the resultant structural
changes permit lateral crystallization of the
connexons in the membrane plane. If true,
the crystallization of the gap junction is a
consequence of the individual connexon’s
switch to high resistance, and is not in itself
causative.

It has been demonstrated by Rose and
Loewenstein (74) in the midge that the high
resistance switch is temporally closely in
association with a rise in intracellular con-
centrations of calcium, and junctions may
even show graded permeability changes at
intermediate calcium levels (75). Turin and
Warner (83) have demonstrated in amphib-
ian embryos that the intercellular commu-
nication pathways close in response to low-
ered intracellular pH. Distinguishing be-
tween calcium and protons as the trigger is
not a straightforward task, and at present
there are no data to permit this distinction
unequivocally.

A variety of extracellularly applied chem-
ical stimuli have been reported to result in
the cellular response of switching to high
resistance. Unfortunately, none of these
stimuli are specific inhibitors of intracellu-
lar communication, but rather have broad
and complex effects on"the biology of the
cell. While many of the chemical stimulants
of high resistance are nonphysiological,
there are a few noteworthy exceptions
where a loss of electrical coupling or a dis-
ruption of gap junction structure is effected
by “natural” processes and thus reflects
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more directly part of the cellular and tissue
biology. Included among these exceptions
are the uncoupling (switch to high resist-
ance) of embryonic cells during develop-
ment (10, 30, 34, 66, 77, 85), the rapid
changes in granulosa cell junctions in re-
sponse to estrogens, follicle-stimulating
hormone (FSH), and luteinizing hormone
(LH) (1, 59), the uncoupling of the oocyte
at ovulation (1, 32), and acetylcholine-stim-
ulated high resistance in the pancreas (47).

In the embryo, in addition to the hypoth-
esis that gap junctions permit intracellular
chemical gradients with positional infor-
mation (86), the generalization emerges
that some cells may uncouple at the time
when different developmental pathways are
to be pursued. In cell culture, however,
heterotypic gap junctions are not uncom-
mon between many differentiated cell
types, suggesting that the uncoupling event
may be a consequence and not a stimulator
of differentiation. It is conceivable, how-
ever, that coupled cells may transiently un-
couple during a critical moment of devel-
opment, then reacquire the ability to re-
form communicating junctions. During this
critical period of isolation, extracellular ma-
trix material could then be interposed be-
tween the differentiated cells, denying fur-
ther junctional interaction.

The presence of extracellular matrix be-
tween groups of different cell types does
not universally imply that the cells are non-
communicating via low resistance path-
ways. As mentioned above, heterotypic
junctional interactions are common in cul-
ture (26, 29, 51) and may exist in vivo. For
example, angiotensin II, labeled with the
electron microscope tracer horeseradish
peroxidase, is found localized on arterial
endothelial cells of the intima, not on the
smooth muscle cells of the media (72).
Rhodin (71) has illustrated blunt endothe-
lial cell projections that reach through fe-
nestrae in the basal lamina and make inti-
mate contact with the underlying smooth
muscle cells. One can imagine, then, that
the endothelial cells act as transducers for
the pharmacological action of angiotensin
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II, passing the message to contract to the
smooth muscle cells via an unknown second
messenger through low resistance intercel-
lular pathways.

II1. Information Passed through Gap
Junctions

In nonexcitable tissues, the function of
gap junctional communication is not clear.
Numerous studies have demonstrated the
passage of microinjected fluorescent mole-
cules between conjoined cells [see table 2.1
in Bennett (8)]. Elegant studies by Simpson
et al. (80) have defined 1000 to 1200 daltons
as the upper limit of molecular weight that
can pass through gap junction channels,
suggesting a pore diameter of 10 to 14 A.

In tissue culture, the classical phenome-
non of “metabolic cooperation” (82) has
been described, which is defined as a con-
tact-dependent cellular sharing of small
metabolite pools. Gilula et al. (33) demon-
strated that metabolic cooperation is a phe-
nomenon mediated by gap junctions, and
studies in several laboratories (18, 19, 64,
65, 79) have demonstrated that only small
biological molecules may pass intercellu-
larly, in good agreement with the fluores-
cent tracer data.

The biological significance of metabolic
cooperation is largely unknown. Recent in-
novative experiments by Lawrence et al.
(51) have shown that cyclic AMP, released
intracellularly as a second messenger in
response to exogenously applied hormones,
will pass through low resistance pathways
to adjacent cells. These experiments dem-
onstrate that intercellular communication
plays a role in the amplification and coor-
dination of the response of groups of cells
to hormonal stimulation via second mes-
sengers.

The mammalian lens is comprised of an
avascular cyst of highly differentiated cells
that receives their nourishment from the
aqueous humor, a specialized secretion
product of the ciliary epithelium. The lens
depends on diffusion of nutrient molecules,
principally glucose, from the aqueous space
in the posterior chamber of the eye into the
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lens interior. Ultrastructural studies have
revealed enormous numbers of gap junc-
tions between the lens fibers (cells) (11, 12,
43), suggesting an important role for meta-
bolic cooperation in lens cell biology, per-
haps in the nourishment of inner cells via
cytoplasmic diffusion of small molecules.
An unusual feature of lenticular gap junc-
tions is that the connexons in the mem-
brane plane remain in a fluid morphology
(43), reminiscent of gap junctions rapidly
frozen under low-resistance physiological
conditions (69). Isolated lenticular junc-
tions remain in this fluid morphology (39).
Attempts to crystallize the lenticular con-
nexons in situ with high-resistance physio-
logical conditions have so far been unsuc-
cessful, with the exception of some lens
fiber junctions in the chicken (Goodenough,
in preparation). Electrophysiological stud-
ies by Andree (5), Duncan (22, 23), and Rae
(67) have shown that surface injury to the
lens causes a loss of the lens potential dif-
ference, that is, whole organ depolarization.
Taken together, the morphological and
electrophysiological data suggest that len-
ticular gap junctions, unlike those in other
tissues, are refractory to the low-to-high
resistance switch.

Lens gap junctions may be isolated (24,
39) and morphological examination reveals
that the connexons remain disordered even
following these disruptive procedures (43).
Peracchia (63) has reported the crystalli-
zation of isolated lenticular gap junction
connexons in whole membrane prepara-
tions in vitro by increased free calcium
concentrations, in support of Loewenstein’s
hypothesis (53) that this divalent ion is
central to the regulation of gap junction
channel resistance, as reviewed above. At-
tempts to crystallize enriched preparations
of isolated lens gap junctions quantitatively
in this laboratory have not yet been suc-
cessful (39), such that X-ray diffraction pat-
terns of lens junctions have revealed no
crystalline order, as they have for isolated
liver gap junctions (16, 56). It is of interest
to develop methods for quantitative crys-
tallization of lenticular junctions in vitro,
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since this may allow investigation of the
molecular events resulting in the low-to-
high resistance switch.

In the lens, it is reasonable to hypothesize
that the large numbers of gap junctions
function in metabolite diffusion into the
lens, as well as ion diffusion. The lens main-
tains a potential difference of —70 mV rel-
ative to the bathing solution (review, 68).
The ion pumps in the lens are asymmetri-
cally placed (49), and this results in a
translens potential difference of 28 mV, an-
terior surface positive, with a short-circuit
current of 30 pA cm™2 (14, 15). One may
hypothesize that this physiology is only
possible because of the numerous gap junc-
tions in the lens, which allow more meta-
bolically active cells at the anterior lens
surface to pump ions not only for them-
selves, but also for less metabolically active
cells in the lens interior.

In summary, although there are good
data in a number of experimental systems
that define pore sizes through gap junc-
tions, an understanding of the biologically
significant molecules used for intercellular
communication is limited to cyclic nucleo-
tides, ion balance in tissues, and possible
metabolite diffusion between cells both in
culture and in the lens. A situation similar
to the lens may also exist in developing
mammalian follicles, where oocytes have
been demonstrated to be joined to sur-
rounding granulosa cells by gap junctions
(4, 32).

A sorely needed research tool is a method
to interrupt gap junctional communication
specifically so that its effects on cell and
tissue biology can be observed. Alcala and
Maisel (3) have reported a specific antise-
rum to the main intrinsic polypeptide of
chick lens fiber plasma membranes,
thought to be a specific gap junction poly-
peptide (2, 55). Once characterized and pur-
ified, these kinds of antisera may provide a
valuable probe for gap junctions in cell and
tissue physiology.

It is clear that cells comprising most tis-
sues are connected by gap junctions, and
that gap junctions are dynamic structures
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capable of switching their resistance prop-
erties rapidly in response to a variety of
stimuli. In order for groups of individual
cells to behave in a functionally coordinated
manner, such as responses to hormones and
growth control (64), one could imagine that
a communication system might be manda-
tory. Deciding whether gap junctions sub-
serve these coordinating functions in tissues
and organs must await further investiga-
tion.
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