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ABSTRACT We report here rapid assembly of gap junctions in prostate epithelial cells in vitro. 
Assembly of gap junctions can be induced by incubation at 0°C followed by incubation at 
37°C. Colchicine (10 -~ M, I0 -a M) and cytochalasin B (25 #g/ml, 100 #g/ml) at room 
temperature or at 37°C also induce assembly of gap junctions. Assembly of the junctions 
proceeds even in the presence of a metabolic inhibitor (dinitrophenol) or of an inhibitor of 
protein synthesis (cycloheximide). We conclude that assembly of gap junctions can proceed 
from a pool of pre-existing precursors. The experimental conditions that result in gap-junction 
assembly involve perturbation of the cytoskeleton. Therefore, we propose that the assembly of 
gap junctions requires convergent migration of precursor molecules whose positional control 
in the membrane is released by perturbation of the cytoskeleton. Aggregates of particles and 
rugosities, whose distribution size and shape is similar to that of gap junctions, may represent 
intermediate assembly stages. This would indicate that the final stages in the assembly take 
place only after convergence of the precursor molecules to the junctional site and involve 
profound conformational changes required for establishment of fully assembled connexons. 

Gap junctions are regional membrane specializations that, in 
animal cells, are responsible for intercellular communication. 
Biochemically, protein components of gap junctions have been 
isolated and characterized (see references 2, 16, 23, 33 for 
reviews). Electron microscopic and spectroscopic studies indi- 
cate that the junctional proteins are arranged into hexamers 
that form "connexons," the structural and functional units of  
the gap junctions. In each connexon, the hexamers form a 
rosette that delimits a central hydrophilic channel (4, 12, 35). 

The mode of formation of gap junctions is obscure and the 
forces responsible for their structural maintenance are largely 
unknown. Freeze-fracture studies indicate that the gap junc- 
tions are formed by convergence, through translational migra- 
tion of  large intramembrane particles (1, 7, 19). The junctions 
appear to be highly dynamic structures whose frequency, size, 
and pattern of  distribution respond to a variety of  physiological 
stimuli (3, 6, 8, 11, 17, 18, 32, 36). Structural changes in gap 
junctions, observed as differences in packing of connexons, 
also occur in response to conditions that cause electrophysio- 
logical uncoupling (22, 24, 25, 26). At present we know little 
about the molecular events that lead to formation of the 
connexons. In particular, it is not clear whether the connexons 
are (or originate from) pre-existing integral membrane proteins 
or whether the gap junctional proteins must be synthesized de  
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novo.  A major obstacle to these investigations is the lack of 
experimental models in which formation of gap junctions de  

novo can be induced under controlled conditions. At present, 
there are several in vivo approaches to study the formation of  
gap junctions, but they require long incubation periods (6, 9, 
17). In addition, it is difficult or impossible to distinguish the 
primary (i.e. direc 0 effects of the stimulus from the secondary 
changes it generally induces. In tissue culture, cells display few 
gap junctions and experimental procedures that could induce 
their proliferation remain unknown (28). 

Recently, we showed that the structural elements of another 
specialized intermembrane contact--the tight junction or 
"zonula occludens"--can be induced to proliferate in a massive 
and rapid manner by a simple procedure (15). Incubation of  
excised rat ventral prostate tissue for 5 min or more at 37°C 
results in the formation of  numerous and long junctional 
strands over the lateral membranes of  columnar epithelial cells. 
The length of these strands can reach up to 12 times that 
originally present in the tight-junction band. These conditions, 
however, do not lead to parallel increase in the frequency of  
gap junctions which, in these prostate epithelial cells, remains 
low. We report here methods that, in vitro, induce notable 
increases in the frequency of  gap junctions in rat prostate. 
These methods involve conditions that lead to perturbation of  
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the cytoskeleton. Assembly  of  gap junc t ions  occurs wi th in  10 
min  of  the t ime of  excision and  is not  affected by  metabol ic  or 
prote in  synthesis inhibitors.  

MATERIALS AND METHODS 

Adult male Sprague-Dawley rats (150-175 g) were hghtly anesthetized with ether 
and the bilobed prostatic tissue was excised. In each instance, one lobe was used 
to test the experimental conditions and the other used as a control. Each 
experiment was repeated three times with tissue taken from different animals. 
Tissue was minced in 0.1 M sodium cacodylate buffer at pH 7.4 and incubated 
in the same buffer under the desired experimental schedule. Some experiments 
involved temperature shifts. A rapid temperature transition was assured by 
placing the tissue within vials with a wire-mesh bottom that could be quickly 
transferred to buffers at different temperatures. The tissues were incubated at 
0°C for 2, 5, 15, or 30 rain and then transferred to 37°C and incubated for an 
additional 2, 5, 15, or 30 min. Temperature shift experiments (30 rain at 0°C; 30 
min at 37°C) were also performed in the presence of cyeloheximide, a protein 
synthesis inhibitor (27), or of 2,4-dinitrophenol (DNP), an uncoupler of oxidative 
phosphorylation (5, 14). These drugs were added to the incubation medium at 
both temperatures in concentrations of 200/zg/ml and 5 mM, respectively. 

To assess the effect of chemical disruptors of the cytoskeleton, we incubated 
minced tissue (at room temperature or at 37°C) for 60 rain in colchicine (10 -a M 
and 10 -5 M) or in cytochalasin (100 #g/ml or 25/Lg/ml). A shorter incubation 
period (10 rain at room temperature) was also tried on higher concentrations of 
the drugs (colchicine 10 -3 M, cytochalasin B 100 ~g/ml). To test the reversibility 
of the effects of colchieine and cytochalasin B, we removed some treated samples 
after 30 min, washed them and incubated them at 37°C for 30 min in buffer 
without the drugs. Experiments with cytoskeleton disruptors were also performed 
with tempenure shifts as described above (i.e. preincubation with the drug at 
0°C for 30 rain followed by incubation at 37°C for 30 rain). 

To rule out the possible toxic effects of arsenic in cacodylate as well as the 
effect of the absence of Ca ++, Mg ++, K +, and C1- ions from the incubation 
medium, we repeated all experiments using Tyrode buffer bubbled with a gaseous 
mixture of 95% oxygen, 5% carbon dioxide (24, 25). 

All experiments were terminated by fLxation for 2 h in 5% glutaraldehyde in 
cacodylate buffer at the temperature of the last incubation. The specimens were 
rinsed in buffer, impregnated in 30% glycerol in buffer, placed on gold specimen 
carriers, and frozen in partially solidified Freon 22. The frozen specimens were 
freeze-fractured at -130°C and shadowed at an angle of 45 ° with a platinum/ 
carbon electron gun. The replicas were cleaned, mounted on Formvar-coated 
grids, and observed with an electron microscope at 80 kV. 

Morphometry: For each experimental condition we photographed and 
printed (final magnification, × 32,500) at least 25 views of distinct areas of 
fractured lateral membranes displaying increase in gap junction frequency. The 
minimum total area of fractured lateral membrane scanned in each experiment 
was in excess of 2,000/~m 2. Gap junctions were identified, counted, averaged, 
and their average frequency was expressed as the number of gap junctions per 
100/an 2. The maximum density of gap junctions observed on fractured faces of 
lateral membranes (area >20/ma 2) was also recorded. 

R ES U LTS 

In the  prostate,  epi thel ia l  ceils are pr i sm-shaped wi th  five to 
seven faces. A wel l -developed t ight- junct ion b a n d  seals the  
ep i the l ium at the apical  pole. G a p  junc t ions  are seldom ob- 
served. They  were detected only over  20--25% of  f ractured 
lateral  menbranes .  

F requency  or shape of  gap junc t ions  was not  al tered if, after 
excision, the  tissue was incuba ted  at  t empera tures  ranging  f rom 
0 ° to 37°C. As expected (15), incuba t ion  at 37°C for 5 m in  or 
more  resulted in str iking prol i ferat ion o f  t ight- junct ion s t rands  
(Fig. 1). Prol i ferat ion of  fight j unc t ion  s t rands also occurred at  
room tempera tu re  af ter  long incubat ions  (30 min  or  more).  
However,  incuba t ion  at 37°C for 2 rain or at  room tempera ture  
for  10 rain fai led to induce  such prol i ferat ion except for some 
loose t ight  j unc t ion  s t rands  observed in some lateral  mem-  
branes.  

Whi le  incuba t ion  at 37°C did  not,  by  itself, induce  increased 
f requency of  gap  junct ions ,  we found  tha t  str iking assembly of  
gap junc t ions  occurred i f  the tissues were p re incuba ted  for 30 
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min  at 0°C followed by incuba t ion  for an  equal  per iod at 37°C 
(Figs. 2 and  3; see also Table  I). Here the gap junc t ions  
appeared  dis t r ibuted a long the  ent ire  face of  lateral  mem-  
branes,  wi th  some smaller  areas (generally closer to the apical  
region) displaying a n  even higher  concent ra t ion  of  junct ions .  
The  junc t ions  were f requent ly  small, r ound  or oval, (15-20 
connexons)  (Fig. 3), bu t  in  o ther  instances they could be m u c h  
larger a n d  o f  i r regular  shape  (Fig. 2). In  contras t  to control  
tissues where  typically more  t han  ha l f  of  the  lateral  m e m b r a n e s  
display no  gap junct ions ,  a major i ty  o f  lateral  p lasma mem-  
branes  possessed gap junct ions .  Observa t ion  of  gap junc t ions  
at t ransi t ions  o f  the  P face o f  the  p lasma m e m b r a n e  o f  one  cell 
to the  E face of  the  apposed cell (see Fig. 5 a, ar rowheads)  
showed tha t  the  part icle aggregates in P faces and  arrays of  
pits over  E faces did  cor respond to intercel lular  contacts.  The  
f requency of  gap junc t ions  was highly var iable  even within 
cont iguous  lateral  faces o f  the  same co lumnar  cell, or even 
wi th in  a single lateral  face. These  var ia t ions  are reflected in 
the  difference between average and  m a x i m u m  densit ies of  gap 
junc t ions  (Table  I). 

We  a t t empted  next  to shor ten  the  incuba t ion  periods neces- 
sary for induc t ion  of  gap j unc t i on  assembly. W e  found  that  
increase in the  n u m b e r  o f  junc t ions  occurred even when  the 
tissues were incuba ted  immedia te ly  after  excision for 5 m in  at 
0°C followed by 5 ra in  at  37°C (Fig. 4). However,  incuba t ion  
for 2 m in  at 0°C, fol lowed by 2 min  at 37°C, failed to induce  
assembly o f  gap junct ions .  The  f requency o f  gap junc t ions  
u n d e r  var ious exper imenta l  schedules is shown in Table  I. G a p  
junc t ions  were occasional ly observed wi th in  the apical  tight- 
j unc t ion  b a n d  (Fig. 2, arrowhead) .  The  extent  of  gap junc t ion  
assembly was unal te red  i f  the tissues were p re incuba ted  in 
D N P  (10 -a M) or cycloheximide (200/~g/ml)  f o r 3 0  min  at 0°C 
followed by incuba t ion  for 30 mln at 37°C (Figs. 2 and  3). This  
showed tha t  the  assembly o f  gap junc t ions  could occur  in  the 
presence o f  metabol ic  inhib i tors  or  in  the  presence o f  inhibi tors  
of  prote in  synthesis. 

The  need  for a p re incuba t ion  at 0°C to induce  assembly of  
gap junc t ions  led us to hypothesize  tha t  some dissociat ion of  
the cytoskeleton was a necessary condit ion.  Clearly, the  incu- 
ba t ion  in cytoskeletal  disruptors  could not  be done  at 0°C, as 
the i r  effect would be super imposed  on  tha t  of  low temperature.  
Therefore,  we incuba ted  freshly excised prostat ic  tissue in 
solut ions of  colchicine (10 -3 M) and  cytochalasin (100/~g/ml)  
at  room tempera ture  or 37°C for 60 rain. The  resu l t s - -assembly  
o f  gap junc t ions  (and, also, of  t ight  j unc t ion  s t r ands ) - - con -  
f i rmed our  expectat ions (Fig. 5 a and  b). Similar  increases were 
also observed in tissues t reated wi th  the  same concent ra t ion  o f  
colchicine (10 -3 M) for a shor ter  per iod (10 rain). Cytochalas in  
B (100/~g/ml) unde r  s imilar  condi t ions  did not  induce  apparen t  
increases in  the  f requency o f  gap junct ions .  Lower  concentra-  
t ion  of  colchicine (10 -s M for 60 rain) induced  assembly of  gap 
junct ions ,  bu t  lowering the  concent ra t ions  o f  cytochalasin B 
(25 /xg /ml  for 60 rain) resulted in m a r k e d  reduct ion (Table  I). 
F u r t h e r  incuba t ion  o f  the  tissue for 30 rain  at  37°C in the 
absence o f  colchicine or cytochochalas in  B, failed to reverse 
thei r  effects. Tempera tu re  shift  exper iments  per formed in the 
presence of  colchicine or cytoehalasin did not  result  in  fur ther  
increase in the  n u m b e r  o f  gap  junc t ions  (Table  I). 

W e  searched then  for m e m b r a n e  modif icat ions tha t  might  
be related to the process of  format ion  a n d / o r  assembly of  gap 
junct ions .  W e  found  no  evidence tha t  the  junc t ions  were assem- 
bled  th rough  a g radua l  process of  accret ion o f  large, rounded  
particles. In  general,  even  small  gap junc t ions  had  10-15 



FIGURE 1 Assembly of t ight junctions induced by temperature: prostate tissue was incubated at 37°C for 10 min and fixed. 
Massive assembty of t ight- junct ion strands is not accompanied by an increase in frequency of gap junctions, x 36,500. 

connexons or more. In the areas of  intense proliferation of gap 
junctions, we consistently found smaU and typical clusters of  
heterogeneous membrane particles with a size, shape, and 
pattern of  distribution similar to that of gap junctions (Fig. 6). 
They were sometimes found at the tip of tight-junction strands 
(Fig. 6 a, white arrow), a position frequently occupied by gap 
junctions (Fig. 6 c, white arrows). The clusters had a texture 
similar to that of  desmosomes next to the apical tight-junction 
band. They were, however, smaller (0.08~).1 #m diameter) 
and, on P faces they occupied sharply raised areas, whereas the 
larger desmosomes generally occupied depressed or, less fre- 
quently, flat areas (Fig. 2, asterisk). The small clusters of  
particles existed always in lateral membranes without any 
additional aggregation of intramembrane particles. In some 
instances the aggregates were composed of larger particles and 

fewer rugosities, always in coexistence with gap junctions (Fig. 
6 d and e). 

DISCUSSION 

We show here that it is possible to induce, in vitro assembly of 
gap junctions. The experimental conditions that induced this 
assembly can be related to the disruption or perturbation of 
elements of  the cytoskeleton. Assembly of gap junctions oc- 
curred in the presence of concemrations of dimtrophenol 
known to inhibit ceUular metaboLism, or of  cycloheximide 
under conditions that prevent significant synthesis of protein 
molecules. Therefore, we propose that the assembly of gap 
junctions can proceed from moieties already present within the 
plasma membrane at the onset of  the experiment. 

While tight-junction strands proliferate freely upon short 
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FIGURES 2 and 3 Assembly of gap junctions induced by temperature: Prostate tissue was incubated at O°C for 30 rain and then 
transferred to buffer at 37°C for an equal period. Assembly of gap junctions occurs even in the presence of cycloheximide (Figs. 
2 and 3) or of DNP. Gap junctions may be large and pleomorphic (Fig. 2) or consist of small, round, or oval aggregates of connexons 
(Fig. 3). Gap junctions are easier to see over P faces; close inspection of E faces shows characteristic arrays of pits (Fig. 3, 
arrowheads). Gap junctions are occasionally observed within the apical tight-junction band (Fig. 2, arrowhead). The density of gap 
junctions in both micrographs is ~166/100 p.m 2 (there are -30 gap junctions in each micrograph). Asterisk: desmosomes at the 
apical band. Fig. 2, x 47,000; Fig. 3, x 35,000. 
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incubations at 37°C (more than 2 rain), gap junctions do not: 
they require a preincubation, albeit short, at 0°C. At this 
temperature, microtubules dissociate (10, 21, 34). Complete 
depolymerization of  the microtubules generally requires pe- 
riods of incubation at low temperature longer than those used 

in our experiments. Long periods of  incubation are also re- 
quired for completion of the cytoskeleton disruption by either 
colchicine or cytochalasin B (20). Therefore, the short periods 
(10 rain) of incubation required in our experiments for assem- 
bly of gap junctions to occur suggest that incomplete depolym- 
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TABLE I 

Frequency of Gap Junctions under various Experimental Conditions 

Control 

Temperature shift 

Temperature shift + DNP 
Temperature shift + cycloheximide 
Temperature shift + colchicine 10 -3 
Colchicine 10 -3 

Colchicine 10 -2 
Temperature shift + cytochalasin B 
Cytochalasin B 100/~m/ml 

Cytochalasin B 25 p,m/ml 

Incubation periods (min) Maximum ob- 
Number of gap junctions served frequency 

O°C RT 37°C per 100 ~m 2 per 100 ~m 2 

- -  - -  10 
- -  - -  6 0  1 . 9  6 

- -  6 0  - -  

5 5 28 68 
30 30 29 76 
30 30 30 68 
30 30 31 1 6 6  

30 3O 29 109 
- -  6 0  28 40 
- -  6 0  - -  2 5  7 0  

- -  1 0  - -  2 5  7 5  

- -  6 0  - -  22 82 
30 - -  30 23 38 
- -  - -  6 0  20 35 
- -  6 0  - -  1 7  3 5  

- -  6 0  - -  15 6 0  

FIGURE 4 Short-term induction of gap-junction assembly. This tissue was fixed in 5% glutaraldehyde 10 min after excision of the 
prostate: 5 min at 0°C followed by 5 rain at 37°C. In a, gap junctions can be seen sharing the side of tight-junction strands 
(arrows). In Fig. b the arrays of pits characteristic of the E faces of gap junctions are revealed (arrowheads). a, x 40,1300; b, x 50,000. 

erization of some of the cytoskeleton components may suffice. 
Recent studies show that in vivo injection of  colchicine, vin- 
blastine, or vincristine causes significant increase in the surface 
areas of  gap junctions (29-31). 

We propose that assembly of gap junctions involves the 
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convergent migration of junctional precursor molecules whose 
positional control within the membrane is released by pertur- 
bation of  cytoskeletal elements. This might take the form of  a 
rather specific breakage of  molecular interactions such as pu- 
tative linkages between the cytoplasmic expression of junc- 



FIGURE 5 Cytochalasin B (a) or colchicine (b) induces the assembly of gap junctions at 37°C or at room temperature. At the 
transition between P and E faces from adjoining plasma membranes, the complementary aspects of a fractured gap junction (a, 
arrowheads) are evident and attest to its intercellular nature, a, x 45,000; b, x 50,000. 
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FIGURE 6 Clusters of irregular particles and rugosities (a, b, d, e, arrows, arrowheads) coexist frequently with small gap junctions. 
As small gap junctions, they are round or oval, sometimes also positioned at the tip of t ight- junction strands (arrow; compare with 
c). Over E faces the aggregates have less particles ( b, arrowhead). Aggregates composed of larger particles and fewer rugosities also 
coexist with gap junctions (d  and e, arrowheads). Texture of the clusters resembles that of desmosomes at the apical band (see Fig. 
2, asterisk) but the clusters are smaller and, over P faces, occupy sharply raised areas. Over undifferentiated areas of the plasma 
membrane the pattern of distr ibution of intramembrane particles remains undisturbed, a, x 50,000; b, x 60,000; c, 45,000; d, 
x 95,000; e, X 95,000. 
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tional precursor proteins and microtubules and/or microfila- 
ments. The situation appears more complex, however, because 
the action of either colchicine or cytochalasin is, by itself, 
sufficient to release the controls that prevent migration and 
assembly of gap-junction precursor molecules. The lower num- 
ber of  gap junctions induced by cytochalasin B as compared 
with that induced by cold or by colchicine could be due to the 
indirect action of microfilaments, possibly through microtu- 
bules, on the migration of the gap-junction precursor mole- 
cules. After assembly, the gap junction may remain free from 
cytoskeletal control. This is indicated by the recent observation 
that the cytoplasmic surface of gap junctions is unusually 
smooth, contrasting with the filamentous texture of adjacent 
areas of  nonjunctional membrane (13, 25). 

Observation of  large, rounded particles in the vicinity of gap 
junctions led to the proposal that gap junctions are formed by 
gradual accretion of  junctional particles (1, 7, 19). The presence 
of  small clusters of  particles that we observed in coexistence 
with small gap junctions suggests an alternative mechanism. 
The clusters have the same size, shape, and pattern of  distri- 
bution as small gap junctions, and even their positional rela- 
tionship to the tight-junction strands is similar. It is possible 
that these clusters are in some way related to intermediate 
stages in the assembly of  gap junctions. An alternative assembly 
mode can be envisaged where, instead of accretion by complete 
connexons, gap-junction precursor molecules congregate at 
specific sites, first, and then undergo the physical changes and/  
or chemical modulation processes that transform these particle 
clusters into well-defined aggregates of gap-junction connex- 
ons. Our experiments cannot define, however, at which point 
the phenomena of  intercellular recognition--which must pre- 
cede the formation of a structurally and functionally complete 
gap junction--occur. Do pairs of gap junction precursors from 
apposing cells mutually recognize one another, first, and then 
migrate to their final junctional site; or, vice-versa, Does mi- 
gration to specific sites precede intercellular recognition? In 
either case, the presence of putative prejunctional aggregates 
of gap-junction precursor proteins would favor their transfor- 
mation en masse into a gap junction: i.e., the final stages in the 
construction of the communicating junction take place only 
after convergence of the precursor molecules to the junctional 
site. It is not difficult to accept that such a process must involve 
profound conformational changes; these probably occur during 
formation of the connexon, i.e., the hexamer with its central 
hydrophilic channel. The wall in such channels must offer a 
high electric resistance that isolates the polar contents of the 
channel from the extracellular environment traversed by the 
connexon; i.e., the formation of a hydrophilic channel must 
require not only the structural resources for the intercellular 
passage of  ions and molecules but also the means necessary to 
negate their exchange with the extracellular environment. 

While gap junctions assembled in vitro appear structurally 
intact, their functional competence remains to be ascertained. 
Another area that remains intriguing and unexplored deals 
with the ontogenetic and structural relationships as well as 
functional "linkages" that, we believe, exist between gap and 
tight junctions and, possibly, desmosomes. This relationship 
appears complex and asymmetric: for instance, tight-junction 
strands can be induced to proliferate independent of gap- 
junction assembly; but the converse--assembly of gap junc- 

tions in the absence of tight-junction proliferation--has not 
been achieved. The investigation of  these probable relation- 
ships is the object of our current research. 
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