
Gap Junction Structures after Experimental 
Alteration of Junctional Channel Conductance 

THOMAS M. MILLER and DANIEL A. GOODENOUGH 
Department of Anatomy, Harvard Medical School, Boston, Massachusetts 02115 

ABSTRACT Gap junctions are known to present a variety of different morphologies in electron 
micrographs and x-ray diffraction patterns. This variation in structure is not only seen between 
gap junctions in different tissues and organisms, but also within a given tissue. In an attempt 
to understand the physiological meaning of some aspects of this variability, gap junction 
structure was studied following experimental manipulation of junctional channel conductance. 
Both physiological and morphological experiments were performed on gap junctions joining 
stage 20-23 chick embryo lens epithelial cells. Channel conductance was experimentally 
altered by using five different experimental manipulations, and assayed for conductance 
changes by observing the intercellular diffusion of Lucifer Yellow CH. All structural measure- 
ments were made on electron micrographs of freeze-fracture replicas after quick-freezing of 
specimens from the living state; for comparison, aldehyde-fixed specimens were measured as 
well. Analysis of the data generated as a result of this study revealed no common statistically 
significant changes in the intrajunctional packing of connexons in the membrane plane as a 
result of experimental alteration of junctional channel conductance, although some of the 
experimental manipulations used to alter junctional conductance did produce significant 
structural changes. Aldehyde fixation caused a dramatic condensation of connexon packing, 
a result not observed with any of the five experimental uncoupling conditions over the 40- 
min time course of the experiments. 

Gap junctions are thought to be the structures through which 
cells exchange small molecules (15, 49). Although this view 
has not been rigorously proven, available evidence, especially 
intracellular antiserum injections, provides strong support (3, 
17, 25, 51, 61). Examination of gap junctions en face reveals 
the presence of subunits (connexons) that can be hexagonally 
packed (6, 50, 52), and freeze-fracture observations demon- 
strate the presence of connexons as intramembrane particles 
(12, 19, 34). 

Physiological experiments indicate that the low-resistance 
pathways between cells can be switched to a high-resistance 
state by experimental manipulation (1, 5, 33, 37, 58). These 
observations raise the question of whether gap junctions be- 
tween cells joined by high-resistance channels are structurally 
different from their counterparts in the low-resistance state 
(1). Thin-section studies of high-resistance junctions show 
them to be either normal in appearance (40) or split apart 
(18, 39). 

Observations of negatively stained and freeze-fractured 
junctions revealed that connexons can be packed into more 
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than one configuration, and it was proposed that a condensed 
arrangement of connexons is associated with a specific state 
of junctional conductance (41). To test this hypothesis, the 
correlation of gap junction structure and function has been 
measured by estimating the degree to which connexons are in 
a condensed configuration. Studies using chemical fixation to 
preserve both control and experimental gap junctions have 
been performed on a variety of tissues (2, 4, 10, 13, 14, 23, 
27, 30, 32, 35, 38, 42-46, 55). Only a few have determined 
the physiological state in the same system studied anatomi- 
cally (13, 14, 23, 24, 32, 40, 44). 

Most studies conclude that uncoupled gap junctions have 
their connexons ordered in a more condensed or crystalline 
configuration than do control junctions. In many of the 
structural studies, however, the physiological state after ex- 
posure to uncoupling conditions is inferred from data gath- 
ered in other laboratories, sometimes in different tissues and 
organisms. Chemical fixation may take from seconds to min- 
utes to preserve the structure of the gap junction actually 
visualized in the electron microscope, and it has been shown 
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that, in some cases, fixation alters connexon packing (57) and 
induces a switch from low to high resistance (8, 28). 

To avoid the problems associated with chemical fixation of 
the tissues, it is necessary to freeze the specimens directly. 
Quick-freezing or fresh-freezing techniques have been applied 
to the study of gap junction structure (4, 21, 24, 27, 36, 38, 
46, 48, 56, 57). Only some of these studies have examined 
the structure of gap junctions that were exposed to uncoupling 
conditions (21, 24, 27, 46, 48). 

The purpose of the present investigation was to directly 
correlate the structure of the gap junction, preserved by quick- 
freezing, with the physiological state of  the low-resistance 
pathways. The epithelium of  the embryonic chick lens was 
chosen as the experimental preparation because the lens can 
be removed intact and easily maintained in vitro. The lens 
epithelium is accessible with microelectrodes, and it is thin 
enough that the entire thickness of  the cells can be quick- 
frozen with satisfactory preservation. 

At the present time, there is no known method to specifi- 
cally switch all the intercellular channels from low to high 
resistance such that they can be studied after the quick-freeze 
technique. Experimental manipulations that do uncouple 
cells may cause a variety of other cellular responses as well. 
Therefore, it is not possible to unequivocally relate any struc- 
tural change in gap junctions directly with physiological re- 
sponse, since one could be looking only at second- or third- 
order effects. In an attempt to circumvent this problem, lens 
epithelial cells were uncoupled by exposure to a number of 
different experimental conditions. We reasoned that if a spe- 
cific packing arrangement of connexons was associated with 
the uncoupled state, then this arrangement should be com- 
mon to all the experimental manipulations. 

A panel of  reagents was identified that reproducibly altered 
junctional conductance, and the freeze-fracture morphology 
of quick-frozen gap junctions from uncoupled lens epithelial 
cells was compared with that from coupled cells. A number 
of structural parameters were quantitated, which were de- 
signed to measure the degree to which connexons are laterally 
associated with each other in the plane of the membrane. 
Measurement of the chosen structural parameters involved 
either the scoring of all-or-nothing events or the measure- 
ments of  areas; parameters such as particle size and center- 
to-center spacing, which require precise measurement of very 
small linear distances on the replicas, were avoided. 

MATERIALS A N D  METHODS 

Fertilized leghorn chicken eggs (Spafas, Inc., Norwich, CT) were incubated at 
37°C for 4 d, in order to obtain embryos from developmental stages 20-23 
(22). Lenses were removed from the embryos by first cutting away the corneas 
and then dissecting the lenses from the surrounding optic cups. All dissections 
were done in Eagle's minimal essential medium with Earle's salts (control 
medium) (Gibco Laboratories, Grand Island, NY) equilibrated with 95% 02/ 
5% CO2 at 37°C. The lenses were then used either for dye transfer or ultrastrnc- 
tural experiments. 

Dye Transfer Experiments 
Lenses were mounted in lucite chambers fitted with a No. 2 coverglass 

bottom. A fragment of a glass microscope slide was attached to the bottom of 
the chamber with vacuum grease, and the edge of the slide and adjacent 

Since, at the molecular level, there could be different changes in 
connexons  all o f  which result in channel closure (58), there could 
also be different connexon packing patterns that result from uncou- 
pling, i f  structural changes associated with uncoupl ing are detectable. 
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FIGURE 1 A bright-field micrograph of a living lens mounted for a 
physiology experiment. The lens is attached to a polylysine-coated 
fragment of a glass slide, such that the lens epithelium can be 
directly approached with a fluorescent dye-f i l led microelectrode. 
Bar, 0.1 mm. x 115. 

coverglass charged by soaking the glass surfaces with a drop of 0.1% L-polyly- 
sine (Sigma Chemical Co., St. Louis, MO) for 2-3 min. A dissected lens was 
then positioned on edge in the chamber so that the posterior surface of the lens 
lay against the edge of the slide while the equator of the lens touched the bottom 
of the chamber (Fig. 1). The chamber was mounted in a custom-built stage for 
the Zeiss IM-35 inverted microscope (Carl Zeiss, Inc., Thornwood, NY) and 
held at 37°C by a peltier thermionic stage heater (Midland-Ross Corp., Cam- 
bridge, MA). The orientation of the lens permitted an edge-on view of optical 
sections of the epithelium and underlying lens fibers (Fig. 1). The lens capsule 
overlying the epithelium was digested by a localized manual pressure-injection 
of 400 #1 of 1% collagenase and hyaluronidase (Sigma Chemical Co.) over 2 
min through a hand-drawn glass capillary, followed immediately by three 
complete medium changes in the chamber. 

The state of cell-cell communication between developing lens epithelial cells 
was assessed by impaling single epithelial cells with a glass microclectrode, 
followed by iontophoretic injection of the fluorescent dye Lucifer Yellow CH, 
as previously described (54). Dye was injected by passing 50-ms, 1-nA pulses 
at 10 Hz for 2-3 min. After a control injection, each lens was placed in one of 
several experimental media (see below). Several injections were made in the 
experimental medium, followed by returning to the control medium for recov- 
ery and a final injection to assay for reversibility of any observed block in dye 
transfer. Epifluorescence and bright-field photographs of the lenses were re- 
corded at all stages of the experiments on 35-mm Tri-X film (Eastman Kodak 
Co., Rochester, NY) exposed at ASA 800. 

Ultrastructural Experiments 
Lenses were dissected from embryos and incubated in control medium or 

in experimental medium under identical conditions to those described above. 
The lenses were then quick-frozen against a liquid helium-cooled copper block 
(26) with the lenses oriented so that the lens epithelium contacted the copper 
block. This produced satisfactory freezing for the entire thickness of the lens 
epithelium. The specimens were then superficially fractured in a Balzers 
BAF301 freeze-etch machine (Balzcrs Corp., Nashua, NH) according to stand- 
ard procedures. Replicas were examined in a JEOL 100 CX electron microscope 
(JEOL USA, Peabody, MA). Fracture faces of epithelial cell membranes were 
identified by ensuring that epithelial nuclei were present in the fracture plane 
of each replica, thus assuring that lens fiber membranes were not photographed. 
Gap junctions on these surfaces were photographed at a magnification of 
33,000 for later analysis. 

Other lenses were taken directly from control medium and placed in a 
fixative solution containing 1% paraformaldehyde, 2% glutaraldehyde, 90 mM 



NaCl, 30 mM HEPES (Sigma Chemical Co.), and 5 mM CaCl2. After fixing 
overnight, the lenses were equilibrated for l h with 30% glycerol in the same 
buffered salts used for fixation, but without aldehydes. The fixed lenses were 
frozen in Freon 22, and freeze-fractured. For scanning electron microscopy, 
lenses were fixed overnight as above, bisected with a razor blade, and postfixed 
in 2% OsO4 in water for l h. The lenses were then critical point dried and 
examined in a JEOL JSM-35 scanning electron microscope as described pre- 
viously (54). 

Experimental Media 
Five sets of uncoupling conditions were used in the dye transfer and 

ultrastructural experiments. All media were at 37"(2, and all media were 
equilibrated with 95% O2/5% CO2, except the high-CO2 medium. The media 
and incubation times were: (a) control medium equilibrated with 10% 02/90% 
CO2, for l0 min (60); (b) control medium plus 10 ~ M A23187 (Calbiochem- 
Behring Corp., La Jolla, CA) (diluted from a stock of l mM A23187 in 
dimethylsulfoxide), for 40 min (49, 53); (c) control medium plus 3.5 mM n- 
heptanol, for 30 min (29); (d) modified Earle's salts solution with the 116 mM 
NaCl replaced by 90 mM Na acetate, buffered to pH 6.0 with 25 mM 2, (N- 
morpholino)ethane sulfonic acid (Sigma Chemical Co.) for 40 rain (9); (e) 
control medium plus 2 mM each of NaCN and iodoacetate, for l0  min (16, 
47). 

Quantitative Analysis of Gap Junction Structure 
The image of each freeze-fractured gap junction was printed to a final 

magnification of 100,000+ A group of 15 consecutive photographs of gap 
junctions was selected at random from the 25-50 photographs taken from each 
lens. The first l0 of these were analyzed, with the extra photographs being used 
to replace any of the first l0  that could not be analyzed for technical reasons. 
To gather data on the in-plane packing of the connexons, each gap junction 
was analyzed in the following manner: (a) every connexon was counted and 
scored as to how many other connexons it touched; (b) the junctional area was 
measured with a Zeiss MOP-3 image analyzer (Carl Zeiss, Inc.); and (c) the 
area, if any, of condensed, crystallized connexons within a gap junction was 
measured. Junctional area is the area circumscribed by a perimeter drawn as 
closely as possible around all the connexons actually analyzed within a junc- 
tional plaque. The touching of connexons is a subjective parameter judged by 
eye. Ideally, this would represent connexons whose centers were separated by 
diameter of a connexon. In practice, however, given the large numbers of 
connexons counted, variations in connexon size due to amount of platinum, 
shadow angles, degree of distortion during fracturing, etc., it was not feasible 
to make this judgment with this degree of accuracy. The score given to each 
connexon was from 0 to 6, 0 for a connexon standing alone, and 6 for a 
connexon participating in a tight hexagonally packed array with 6 neighbors. 
The junctional area was the analyzed area of a junction; this was often different 
from the total area of the junction since some of the junction might have been 
hidden by debris, shadowed poorly, or had left the plane of fracture. The 
condensed area was that part of the junction where the connexons were arranged 
along hexagonal lattice lines; it is important to note that, due to short-range 
disorder, the connexons in condensed areas did not necessarily touch all of 
their nearest neighbors (11). 

The data gathered from the micrographs were used to calculate five structural 
parameters, which were then used to compare the structure of experimentally 
uncoupled gap junctions with the structure of control gap junctions. The first 
parameter is the concentration of connexons in the junctional area; parameters 
2 and 3 deal with the amount  of condensed area; and parameters 4 and 5 are 
measures of the associations of individual connexons with nearest neighbors. 
The structural parameters are formally defined as follows: parameter 1 is the 
number of connexons per unit  junctional area; parameter 2 is the amount of 
condensed area per unit junctional area, considering only those gap junctions 
that have some condensed area; parameter 3 is the ratio of the number of gap 
junctions that have some condensed area to the total number of gap junctions 
in that experimental group; parameter 4 is the ratio of the number ofconnexons 
that touch at least one other connexon to the number of connexons that stand 
alone; parameter 5 is the ratio of the number of connexons that touch three or 
more other connexons to the number of connexons that touch two or less other 
connexons. 2 Parameters I, 2, 4, and 5 were calculated for each gap junction, 

2 P a r a m e t e r  5 separa tes  c o n n e x o n s  in  rows  a n d  pairs ,  or  s t a n d i n g  

a lone ,  f rom those  t h a t  t e n d  to  c rys ta l l i ze  in  two  d i m e n s i o n s ,  w i t h  the  
e x c e p t i o n  o f  a g r o u p  o f  th ree  c o n n e x o n s  al l  c o n t r a c t i n g  the  o t h e r  two,  

w h i c h  d o  show t w o - d i m e n s i o n a l  g r o u p i n g  a n d  ye t  h a v e  o n l y  two  
p a r t n e r s  each.  

which yielded four sets of numbers for each control or experimental group. It 
is these numbers, and therefore the individual gap junctions, that served as 
data points for comparison of the groups (even though the data in each group 
was gathered from more than one lens; see Table II). 

Two control groups were used in these experiments, a 0-rain control (lenses 
quick-frozen as soon as possible after dissection) and a 40-rain control (lenses 
quick-frozen after a 40-rain incubation in control medium at 37°C). The two 
control groups spanned the total incubation times for the experimental groups 
and established a range of structural variation that could take place on this 
t ime scale without there being any discernible physiological changes. Each 
experimental group was compared with both control groups. The controls differ 
from each other, representing a range of structural variability which could be 
neither experimentally controlled nor interpreted. To detect a meaningful 
structural charge as a result of cell uncoupling, an experimental group should 
be statistically significantly different from both controls. Additionally, since all 
the experimental conditions resulted in a block of dye transfer, a structural 
change associated with the change in physiology cannot be interpreted in this 
study unless it is present in every experimental group. It is emphasized here 
that structural changes peculiar to some of the five uncoupling conditions were 
detected in this study, but we cannot interpret them since we cannot distinguish 
them from uncontrolled secondary effects of the experimental conditions. 

Student's t test was used to make the comparisons, and p values were 
calculated both before and after a logarithmic transformation of the data. The 
transformation of the data did not change the pattern of the inferences drawn, 
hut it did result in data distributions that were more symmetric (as judged by 
measures of skewness). The p values reported in Table III were obtained using 
the logarithmically transformed data. Frequency histograms were made, and 
served to demonstrate that the distributions of data were unimodal. Parameter 
3 is a proportion of all-or-nothing occurrences; therefore, these data were 
analyzed using a ×2 test with one degree of freedom. 

RESULTS 

Dye Transfer Experiments 
Single embryonic lens epithelial cells were iontophoretically 

injected with the fluorescent dye Lucifer Yellow CH (59). 
Control injections invariably demonstrated dye transfer be- 
tween adjacent cells (Fig. 2), even when the lenses were held 
in control medium for longer than l h (not shown). A panel 
of reagents was used to decrease the conductance of the low- 
resistance pathways as described in the Materials and Meth- 
ods. When a lens was exposed to any of the uncoupling 
reagents for the specified time period (see Materials and 
Methods), an effective block in dye transfer was demonstrable 
(Fig. 2 and Table I). This change in the physiological state of 
the lens epithelial cells could be reversed by a return to control 
medium for three of the five uncoupling conditions (Fig. 2 
and Table I). We were not able to detect reversal in the cells 
injected during the uncoupled condition. 

Ultrastructural Experiments 
Table II lists the number of lenses, the number of gap 

junctions, the total junctional area, and the number of con- 
nexons analyzed for each condition used. 

Embryonic lenses were quick-frozen under conditions iden- 
tical to those known to cause a block of dye transfer. Control 
lenses were quick-frozen either immediately after dissection 
(0-min control) or after a 40-min incubation in control me- 
dium (40-min control). Other lenses were aldehyde fixed, 
cryoprotected, and frozen conventionally. Micrographs of 
freeze-fractured gap junctions from each condition are pre- 
sented in Fig. 3. 

Five structural parameters that were measures of the degree 
ofconnexon-connexon association were developed, and each 
group of gap junctions was analyzed and quantitated. Each 
of the structural parameters was a ratio, and all five parame- 
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FIGURE 2 (A) Fluorescence micrograph of a living whole-mount lens (see Fig. 1) that has been through a series of experiments. 
A control injection was made first, then the control medium was replaced with the 90% CO2-equilibrated medium. Two 
experimental injections were then made, each filling a single cell with dye. After the return of the lens to control medium, a 
fourth injection was made, demonstrating the recovery of dye transfer. A scanning electron micrograph of an embryonic lens is 
included in B, so that the orientation of the specimen in A can be better appreciated. Bar, 25/zm. x 600. 

TABLE I. Physiological Data* TABLE II. Quantity of Data Considered 
in the Ultrastructural Experiments 

Dye trans- Dye Recovered 
fer not transfer (no. at- No. of 

Experimental condition blocked blocked tempted) Experimental No. of No. of gap Total junc- connex- 
CO2 0 16 13 (14) condition lenses junctions tional area ons 

A23187 2 18 0 ~m2 
Heptanol 0 19 8 (10) 0-min control 4 40 4.34 24,150 
Acetate 0 16 13 (13) 40-min control 6 67 9.23 48,849 
Cyanide and iodoacetate 0 15 0 CO2 6 61 6.36 37,323 

A23187 6 65 7.20 42,946 
Heptanol 5 55 6.30 33,700 
Acetate 5 56 4.63 27,326 
Cyanide and io- 5 54 4.19 26,786 

doacetate 
Aldehyde fixa- 2 20 1.34 10,822 

tion 

* No. of embryos. 

ters became numerically larger as the gap junction connexons 
became more condensed. Each parameter for each condition 
was compared with the same parameter for both controls, 
since variability between the two control conditions repre- 
sented structural variability that was not related to any de- 
tectable changes in the physiological state of the channels. 
While any structural changes observed in this study may be 
significant, due to the nonspecific actions of the uncoupling 
reagents we have elected to search for changes in structural 
parameters common to all uncoupling reagents. If there were 
a structural change observed after only one of the uncoupling 
conditions, then this would represent a change that could not 

be directly related to a switch to high resistance, given the 
experimental design used in this paper. 

A qualitative examination of the micrographs in Fig. 3, A- 
G gave the immediate impression that none of the quick- 
frozen gap junctions looked detectably different from the 
others. The aldehyde-fixed specimen, by contrast, demon- 
strated a markedly more condensed arrangement of the con- 

FIGURE 3 Freeze-fractured lens epithelial gap junctions from each of the experimental groups used in this study. While these 
gap junctions should be considered to have structures typical of the group from which they were taken, the areas shown are not 
necessarily representative of the entire group for all of the structural parameters studied. (A) 0-rain control; (B) 40-min control; 
(C) 90% CO2; (D) A23187; (E) heptanol; (F) acetate; (G) cyanide and iodoacetate; (H) aldehyde fixation. There are no obvious 
structural differences between the quick-frozen gap junctions (A-G), but the connexons of the fixed gap junction (F) are arranged 
in a noticeably more condensed or crystalline configuration. Bar, 0.1 /~m. x 150,000. 
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nexons than did the quick-frozen gap junctions (Fig. 3 H). 3 
The quantitative analysis of the data is presented in Table 

III. Included are means or values of the parameters, as well 
as the results of the statistical comparisons (see Materials and 
Methods for a precise definition of the structural parameters 
and an explanation of statistical methods). None of the struc- 
tural parameters were significantly different from both con- 
trols for all five uncoupling conditions. Therefore, we have 
not been able to demonstrate any consistent, significant 
change in the in-plane packing of the connexons of gap 
junctions of embryonic lens epithelial cells that could be 
associated with a decrease in gap junctional conductance 
(block of dye transfer). However, examination of the data on 
fixed gap junctions revealed that after fixation all five param- 
eters were significantly changed toward a more condensed 
morphology. 

There were a few significant changes that did occur in the 
structures of the quick-frozen gap junctions. There was a 
decrease in both the amount of condensed area and the 
proportion of junctions with some condensed area in the 
heptanol group (as judged by parameters 2 and 3, see Table 
III). The metabolic inhibitors (cyanide and iodoacetate) af- 
fected two of the parameters in opposite ways. There was an 
increase in the number ofconnexons per unit area (parameter 
1, see reference 27) and a decrease in the proportion of 
junctions with condensed area (parameter 3). Since these 
phenomena did not appear after the other uncoupling con- 
ditions, their significance was unclear, and they may be due 
to cellular responses to the reagents that are not directly 
associated with the change in conductance of gap junctions. 

DISCUSSION 

It has been proposed that the packing arrangement of gap 
junction connexons might reflect the physiological state of 
the gap junction (41), and that this correlation may be so 
strong as to permit physiological inferences to be taken from 
anatomical data (46). The present experiments were designed 
to critically test this hypothesis for the gap junctions of 
embryonic lens epithelial cells. The system used permitted 
precise control of experimental conditions in vitro, without 
disruption of the integrity of the organ studied. The embry- 
onic chick lens epithelium is accessible for physiological ex- 
perimentation, and it can be quick-frozen from the living 
state. The combination of these techniques has permitted an 
analysis of connexon packing arrangements in gap junctions 
that were in a known physiological state when quick-frozen. 
By quantitating five different structural parameters for each 
of five different treatments, all of which caused a block of 
junctional dye transfer, we have maximized the sensitivity of 
the experimental system for detecting structural changes that 
can be unequivocally related to the change in physiological 
state. A structural change that we could clearly interpret would 
then be manifest by a significant divergence of one or more 
structural parameters from control values for all five uncou- 
pling treatments. Aldehyde-fixed specimens were also in- 
cluded for comparison with the quick-frozen samples. 

Fig. 3 and Table III demonstrate that no consistent changes 

3 Other reports have shown that gap junctions joining lens epithelial 
cells are partially crystallized after fixation (7, 20, 31, 43). Available 
evidence indicates that the relative positions of the connexons are 
more likely affected by the fixation rather than by eryoprotection 
(57). 

in the in-plane packing of connexons could be detected in 
gap junctions when the low-resistance intercellular channels 
were switched to an altered physiological state of low con- 
ductance. No structural parameters changed for all five con- 
ditions that blocked dye transfer. Aldehyde-fixed gap junc- 
tions were significantly more condensed than controls for all 
five structural parameters studied. 

These results provide no support for the hypothesis that the 
in-plane packing of the connexons of a gap junction is strictly 
related to its physiology. It is clear that chemical fixation 
changed the structure of these junctions to such a great extent 
that they could no longer be compared with junctions frozen 
from the living state, and the fixed condition has no physio- 
logical counterpart. Conditions that resulted'in a block of dye 
transfer did not change the structure of gap junctions in this 
system, but fLxation did change their structure. 

The conclusions drawn from this study must be limited to 
the lens epithelium of the chick, and they do not allow 
generalization to other tissues. Nonetheless, the lack of cor- 
relation found in this study, as well as the necessity of quick- 
freezing gap junctions from precisely known physiological 
states, indicate that until resolution can be increased so that 
the structure of individual channels can be examined, this 
type of approach to the study of structure/function correla- 
tions in gap junction-mediated intercellular communication 
is not fruitful. 
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