
Abstract In order to study the dynamics of gap junc-
tions in living cells, a cDNA was expressed in hepatocel-
lular carcinoma-derived PLC cells coding for chimerical
polypeptide Cx.EGFP-1, which consists of rat connex-
in32 and enhanced green fluorescent protein (EGFP).
Cx.EGFP-1 was integrated into gap junctions, and the
emitted epifluorescence reliably reported the distribution
of the chimera. Therefore, stably transfected PLC clone
PCx-9 was used to examine the dynamic behavior of gap
junctions by time-lapse fluorescence microscopy. The
pleomorphic fluorescent junctional plaques were highly
motile within the plasma membrane. They often fused
with each other or segregated into smaller patches, and
fluctuation of fluorescence was detected within individu-
al gap junctions. Furthermore, the uptake of junctional
fragments into the cytoplasm of live cells was document-
ed as originating from dynamic invaginations that form
long tubulovesicular structures that pinch off. Endocyto-
sis and subsequent lysosomal degradation, however, ap-
peared to contribute only a little to the rapid gap junction
turnover (determined half-life of 3.3 h for Cx.EGFP-1),
since most cytoplasmic Cx.EGFP-1 fluorescence did not
colocalize with the endocytosed fluid phase marker
horseradish peroxidase or the receptor-specific endocyt-
otic ligand transferrin and since it was distinct from lyso-
somes. Disassembly of gap junctions was monitored in
the presence of the translation-inhibitor cycloheximide
and showed increased endocytosis and continuous reduc-
tion of junctional plaques. Highly motile cytoplasmic
microvesicles, which were detectable as multiple, weak-
ly fluorescent puncta in all movies, are proposed to con-
tribute significantly to gap junction morphogenesis by

the transport of small subunits between biosynthetic,
degradative, and recycling compartments.
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Introduction

Cell-to-cell communication is a fundamental prerequisite
for the coordinated function of all multicellular organ-
isms. Among the many modes of interaction, direct cou-
pling through gap junctions has attracted continued inter-
est. Gap junctions are distinct regions of close cell-to-
cell apposition where two unit membranes are separated
only by a very narrow gap (Goodenough and Revel
1970). By freeze fracture, clusters of densely spaced
membrane particles are seen corresponding to hemichan-
nels, the connexons, which are attached to each other
forming gated homo- or heterotypic intercellular pores
through which low molecular weight compounds are
transported (for recent reviews, see Bruzzone et al. 1996;
Goodenough et al. 1996; Kumar and Gilula 1996). Conn-
exons are composed of multiple connexins, a growing
group of integral membrane proteins that traverse the
membrane four times and that are expressed in a cell-
type-restricted fashion in many tissues (Bruzzone et al.
1996; Goodenough et al. 1996). The identification of he-
reditary diseases that are caused by mutations in connex-
in genes, the observation of severe defects in connexin
knock-out mice and the involvement of gap junctional
communication in tumor formation underscore the im-
portance of connexins for tissue development and integ-
rity (for reviews, see Bruzzone et al. 1996; Donaldson et
al. 1997; Krutovskikh and Yamasaki 1997; Simon and
Goodenough 1998).

Considerable efforts have been directed toward the
elucidation of connexin trafficking to understand the
modes of regulation of gap-junction-mediated cell com-
munication (Bruzzone et al. 1996; Goodenough et al.
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1996; Laird 1996). Connexins are synthesized in the
rough endoplasmic reticulum (ER; Rahman et al. 1993;
Falk et al. 1994) where oligomerization can take place,
most notably in overexpressing cells (Kumar et al. 1995;
for connexin mutants, see also George et al. 1999), al-
though Musil and Goodenough (1993) have shown that
connexin43 oligomerizes in the trans-Golgi network,
probably in small transport vesicles that are on their way
to the cell surface. Initial phosphorylation occurs in the
ER/Golgi compartments and may be necessary, at least
in some cases, for oligomerization and further transport
(Puranam et al. 1993; Laird et al. 1995; Koval et al.
1997). Subsequently, connexons are recruited into gap
junctions, a finding that seems to correlate with further
phosphorylation (Musil and Goodenough 1991; Oyamada
et al. 1994; Laird et al. 1995). The intercellular docking
of hemichannels relies both on extrinsic factors, such as
adhesion molecules, lectins, lipids, calcium and hydro-
gen atoms, and on intrinsic determinants, such as the
cysteine residues in the extracellular loops and the com-
patibility of the extracellular domains (for reviews, see
Bruzzone et al. 1996; Goodenough et al. 1996). Further-
more, distinct stages of gap junction formation have
been described corresponding to different forms of ar-
rangement and packing of the compository intramem-
brane particles (e.g., Benedetti et al. 1974; Johnson et al.
1974, 1989; Fujimoto et al. 1997).

Equally relevant for gap junction modulation are the
mechanisms of inactivation involving the removal of
junctional plaques from the cell surface, the disassembly
of clustered connexons and degradation of connexins, all
of which are still poorly understood. In many morpho-
logical studies, peculiar vesicular structures have been
identified that are surrounded by two unit membranes
that are separated by a small gap as in gap junctions (for
a review, see Larsen and Risinger 1985). These vesicles
have been termed annular gap junctions and it has been
proposed that they are formed by the endocytosis of gap
junctions, following which the material is degraded, i.e.,
after fusion with lysosomal vesicles (Larsen and
Hai-Nan 1978; Sasaki and Garant 1986; Gregory and
Bennett 1988; Naus et al. 1993; see however Severs et
al. 1989). An alternative model suggests that the regula-
tion of gap junction removal takes place at the subunit
level. Thus, gap junctions may be dispersed within the
plasma membrane into junctional fragments or single in-
tramembrane particles that would be available for the
reformation of gap junctions or subjected to degradation
(Lane and Swales 1980; Fujimoto et al. 1997). Evidence
has been presented for different routes of connexin deg-
radation. In the case of connexin43, degradation involves
both ubiquitin-mediated proteasomal proteolysis and ly-
sosomal proteolysis (Laing and Beyer 1995; Laing et al.
1997). Furthermore, calpains have been identified as po-
tential degradative enzymes of non-phosphorylated con-
nexin32 (Elvira et al. 1993).

The aim of the current investigation has been the gen-
eration of cells to monitor modulations of gap junctions
in living cells. The chosen approach is based on the

availability of fluorescent polypeptides that can be tar-
geted to specific cellular sites and the finding that con-
nexin molecules and certain connexin mutants induce the
formation of functional gap junctions when expressed in
heterologous systems by transfection of appropriate
DNA constructs or microinjection of cRNA (e.g., Dahl
et al. 1987; Swenson et al. 1989; Werner et al. 1989,
1991; Eghbali et al. 1990; Levine et al. 1993; Troyanov-
sky et al. 1993, 1994a; Rabadan-Diehl et al. 1994;
Elfgang et al. 1995; Leube 1995). Therefore, rat liver
connexin32 fused to the enhanced green fluorescent pro-
tein (EGFP) at its carboxyterminus has been stably intro-
duced into hepatocellular carcinoma cells. The dynamic
behavior of this mutant, which is specifically incorporat-
ed into characteristic gap junctions, is described by using
time-lapse fluorescence microscopy of living cells.

Materials and methods

cDNA construction

cDNAs were constructed coding for chimeras consisting of rat
connexin32 and EGFP. First, a HindIII/NarI fragment of approxi-
mately 690 bp was excised from plasmid pCSR1 (Leube 1995)
and cloned into the HindIII/BamHI sites of pEGFP-N3 (Clontech
Laboratories, Palo Alto, Calif.) with the help of oligonucleotides
97–2060 (5’-CGC CG-3’) and 97–2061 (5’-GAT CCG G-3’). The
resulting plasmid pCx.EGFP-1 encodes chimera Cx.EGFP-1,
which is composed of truncated rat connexin32 without its cyto-
plasmic 63 carboxyterminal amino acids, EGFP, and the short
linker sequence GAGFIAL between both elements (Fig. 1A). Ex-
pression of the chimeric cDNA is under the control of the immedi-
ate early cytomegalovirus promoter. To construct chimera
Cx.EGFP-2 (Fig. 1A) encompassing the complete rat connexin32
and EGFP, a fragment of approximately 320 bp was first amplified
from pCR1 (Troyanovsky et al. 1993) by polymerase chain reac-
tion (PCR) with oligonucleotides 98–003 (5’-TGC CCC AAC
ACA CGG TGG ACT GC-3’) and 98–004 (5’-AAA GGA TCC
GCA GGC TGA GCA TCG GTC GCT-3’). The BstXI/BamHI-di-
gested PCR product was used for replacement of the smaller
corresponding fragment of pCx.EGFP-1, thereby generating
pCx.EGFP-2. Correct cloning and PCR amplification were con-
firmed by DNA sequencing in all instances.
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Fig. 1 Schemes of chimeric polypeptides (A) and fluorescence
micrographs of living hepatocellular carcinoma-derived PLC cells
expressing chimeras Cx.EGFP-2 (B) or Cx.EGFP-1 (C, D, E) ei-
ther transiently (B, C with corresponding interference contrast pic-
ture in C’) or stably (D, E). A Transmembrane domains of rat con-
nexin32 are denoted by gray boxes, its cytoplasmic and intravesic-
ular regions by white boxes, and EGFP by a black box. B Note the
lack of significant fluorescence of cell borders in most regions
(white arrows) and diffuse labeling in some areas (asterisks), the
presence of large aggregates in the cytoplasm (black arrows) and
the multipunctate cytoplasmic fluorescence in cells expressing
Cx.EGFP-2. C, C’ Cells transiently expressing Cx.EGFP-1 (t)
show extensive labeling at adjoining cell borders (arrows) but
none at borders to nontransfected interphase and mitotic cells (n).
In addition, punctate cytoplasmic fluorescence is seen. D, E Note
the patches of different sizes at points of cell-to-cell contact (de-
noted by arrows in E) in cells of clone PCx-9 stably synthesizing
Cx.EGFP-1. In addition, vesicular fluorescence of different inten-
sity and size is detectable in the cytoplasm. Bars 10 µm

▲
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Cell culture

The hepatocellular carcinoma-derived epithelial cell line PLC
(ATCC CRL8024) was grown in DMEM (PAA Laboratories,
Cölbe, Germany) supplemented with 10% fetal calf serum (FCS;
Life Technologies, Karlsruhe, Germany). DNA transfection was
performed with the calcium phosphate precipitation method (cf.
Leube 1995), and stably transfected clonal cell lines were picked
after selection with geneticin (up to 1 mg/ml; Life Technolo-
gies). Sometimes, cells were treated with sodium butyrate (Sig-
ma, St. Louis, Mo.) at 2 mM overnight to increase expression of
the transgene. Inclusion of glucose (50 mM) also enhanced gap
junction expression. To inhibit protein translation, cells in some
experiments were treated with cycloheximide (Sigma; 1 mg/ml
stock solution in distilled water) at concentrations between
2.5–40 µg/ml for up to 8 h. In other experiments, Texas-Red-
conjugated horseradish peroxidase (HRP; Molecular Probes,
Eugene, Ore.) was added as a fluid phase marker to the culture
medium at a concentration of 0.1 mg/ml for up to 1 h, and Texas-
Red-conjugated transferrin (Molecular Probes) was used as a re-
ceptor-specific ligand at concentrations of 1.25, 2.5, and 5 µg/ml
for up to 1 h.

Antibodies and immunofluorescence microscopy

Rabbit polyclonal antibodies against green fluorescent protein
(GFP) were from Molecular Probes, rabbit antibodies against a
synthetic peptide corresponding to the first cytoplasmic loop of rat
connexin32 from Dr. V. Krutovskikh (Krutovskikh et al. 1994),
and murine monoclonal antibodies against the lysosomal mem-
brane protein LAMP-2 (hybridoma H4B4) from the Developmen-
tal Studies Hybridoma Bank (Iowa City, Iowa). Secondary anti-
bodies, viz., Texas-Red-conjugated goat anti-mouse IgG and Texas-
Red-conjugated goat anti-rabbit IgG, were purchased from Jack-
son ImmunoResearch Laboratories (West Grove, Pa.). For indirect
immunofluorescence microscopy, cultured cells were grown on
glass coverslips, fixed with formaldehyde, lysed with digitonin,
and incubated with antibodies as described recently (Windoffer et
al. 1999). Fluorescence was viewed in an epifluorescence micro-
scope (Axiophot, Carl Zeiss, Jena, Germany) and recorded with a
digital camera (Orca 4742–95, Hamamatsu, Herrsching, Germany).

Immunoelectron microscopy

For immunoelectron microscopy, cells grown to high density on
glass coverslips were briefly washed in phosphate-buffered saline
(PBS; 37°C) and fixed at room temperature for 10 min in 2%
formaldehyde freshly prepared in PBS. After 2×5 min washes in
PBS, cells were treated with 0.1% saponin (Sigma) in PBS at
room temperature for 5 min and washed again twice with PBS.
Unspecific antibody binding sites were blocked by incubation in
5% normal goat serum (Sigma) in PBS for 15 min. After a wash
with PBS, rabbit anti-GFP antibodies (1:8 000 in PBS) were ap-
plied for 2 h (omitted in negative control). The cells were washed
(3×5 min) in PBS before being incubated with secondary 1 nm
gold-conjugated goat anti rabbit-IgG antibodies (1:50 in PBS;
Nanoprobes, Stony Brook, NY) overnight at 4°C. After three
washes in PBS (each 5 min), a second fixation step was carried
out (2.5% glutaraldehyde in PBS for 15 min at room temperature).
For silver enhancement, cells were washed (2×10 min) in HEPES
buffer (50 mM HEPES, 200 mM sucrose, pH 5.8), treated with
HQ Silver (Nanoprobes) for 6 min, and washed (2×5 min) in a so-
lution containing 50 mM HEPES and 250 mM sodiumthiosulfate
(pH 7.5) followed by 2×5 min washes in PBS. For final fixation,
0.2% osmium tetroxide was applied for 30 min at room tempera-
ture and was then washed out with distilled water. Cells were de-
hydrated in a graded ethanol series, passed through propylene ox-
ide, and embedded in Epon 812. Ultrathin sections were prepared
with a Reichert-Jung Ultramicrotome (Leica, Bensheim, Germa-
ny) and lightly stained with 8% uranyl acetate (in water) for

10 min. Grids were viewed and documented in an EM10 electron
microscope (Carl Zeiss).

Time-lapse fluorescence microscopy

To view living cells, a self-made culture chamber was screwed
tightly onto the stage of an epifluorescence microscope (Axiophot,
Carl Zeiss). The chamber (V=500 µl) consisted of a steel frame
with holes for the exchange of culture medium and for a sensor to
record continuously the temperature close to the cell monolayer.
The bottom of the chamber was located on top of another glass
chamber that could be perfused with preheated water to maintain
the culture chamber precisely at 37°C. A coverslip was placed on
top of the culture chamber so that the adhering cells grew in an in-
verted position. During recording, cells where maintained in phe-
nol-red-free Hanks’ medium containing Hanks’ salt solution,
25 mM HEPES, MEM non-essential amino acid solution, MEM
amino acid solution, 100 U/ml penicillin, 100 µg/ml streptomycin
(all from Life Technologies), 5% FCS, and 4.8 mM N-acetyl-L-
cysteine (Sigma), pH 7.4. To improve the stability of the fluores-
cence, ascorbic acid (0.5 mg/ml, Sigma) was added to the medi-
um. The culture medium was exchanged either continuously or in
single steps by using a pump with adjustable flow rates.

EGFP epifluorescence was recorded by using filterset no. 10
from Zeiss and a digital camera (see above). HPD-CPx software
(Hamamatsu) was used to obtain the images and to control a shut-
ter (Zeiss). In some instances, a brightfield picture was recorded
immediately before each fluorescence image. The resulting
image sequences were edited with Image-Pro Plus 4.0 software
(Media Cybernetics, Silver Spring, Calif.) and converted into
movies (QuickTime 3.0). They are available at http://www.-
uni-mainz.de/FB/Medizin/Anatomie/Leube/. Photoshop software
(Adobe Photoshop 5.0) was used to edit single pictures and to
compose tables.

Cell fractionation, immunoblotting, and pulse-chase labeling

For cell fractionation, confluent cell monolayers were washed
twice with ice cold PBS. Ice-cold hypotonic buffer, consisting of
10 mM TRIS-HCl pH 7.4, 1 mM EGTA, 1 mM EDTA, 2 mM di-
thiothreitole (DTT), 0.1 mg/ml phenylmethane sulfonylfluoride
(PMSF), and 0.2 mg/ml 4-(2-aminoethyl)-benzenesulfonyl fluo-
ride, was added directly to the culture dish after removal of PBS.
Lysed cells were scraped off and homogenized by 30 up and down
strokes in a tight-fitting Dounce homogenizer. Nuclei were pellet-
ed by centrifugation at 1000 g at 4°C for 15 min. The resulting su-
pernatant was then centrifuged at 10,000 g for 1 h at 4°C. The
10,000 g pellet was resuspended in hypotonic buffer, and the su-
pernatant was subjected to another round of centrifugation
(100,000 g for 1 h at 4°C). The 100,000 g pellet was also dis-
solved in hypotonic buffer. Protein concentrations were deter-
mined by using the BioRad reagent (BioRad Laboratories,
Munich, Germany). The polypeptides were solubilized in loading
buffer (2% SDS, 150 mM DTT, 0.005% bromophenol blue,
30 mM TRIS-HCl pH 6.8, 10% glycerol) and 50 µg was loaded
per lane onto a 12% SDS polyacrylamide gel. After electrophore-
sis, polypeptides were transferred to nitrocellulose by electroblot-
ting. The membranes were first preadsorbed with 5% low fat milk
powder in PBS. They were then incubated with primary antibodies
in PBS together with 5% low fat milk powder, washed several
times, and subsequently incubated with HRP-coupled secondary
antibodies (Jackson-ImmunoResearch Laboratories). Bound anti-
bodies were detected with an enhanced chemiluminescence
system (Pharmacia Amersham Biotech, Freiburg, Germany).

For pulse-chase experiments, cells were grown to near conflu-
ence in Petri dishes (9 cm diameter). They were first treated with
methionine-free DMEM (Life Technologies) supplemented with
10% FCS for 45 min. Subsequently, cells were pulse-labeled by
incubation in methionine-free medium (5 ml/Petri dish) with 10%
FCS and 100 µCi/ml 35S-methionine (>1000 Ci/mmol; Amersham

350



Pharmacia Biotech) for 2 h. Afterwards, cells were washed three
times in methionine-reduced medium, i.e., methionine-free
DMEM with 10% FCS and 1 mM methionine (prepared from
20 mM L-methionine solution; Sigma). Cells were then either har-
vested directly or after various chase periods (incubation in me-
thionine-reduced medium). At the end of the respective chase pe-
riods, cells were washed several times with ice-cold PBS. Cells
were first lysed in 1.5 ml/dish RIPA buffer (10 mM monosodium
phosphate pH 7.2, 150 mM NaCl, 2 mM EDTA, 1% (v/v) Triton
X-100, 0.25% (w/v) SDS, 1% (w/v) sodium deoxycholate, 2 mM
PMSF) by repeated resuspension and incubation on ice for at least
20 min. The subsequent steps were all performed at 4°C with pre-
cooled solutions. Non-solubilized material was pelleted by centrif-
ugation (100,000 g, 30 min). Equal polypeptide amounts of the re-
sulting supernatant were subjected to a pre-clearing step by incu-
bation with 15–20 mg protein-A-sepharose (type CL-4B; Amers-
ham Pharmacia Biotech) that had been pre-swollen in RIPA buffer.
The sepharose was briefly spun down (3500 rpm in a table-top
centrifuge, 3 min), and the resulting supernatants were incubated
with anti-GFP antibody for 2–3 h with constant agitation (primary
antibodies were omitted in control samples). Subsequently, 15–
20 mg protein-A-sepharose suspended in RIPA buffer was added,
and incubation was continued for another hour. The sepharose was
then washed 2–5 times with wash buffer 1, consisting of 0.5%
(w/v) Tween-20, 50 mM TRIS-HCl pH 7.5, 150 mM NaCl,
0.1 mM EDTA, 2–3 times with wash buffer 2, consisting of 0.5%
(w/v) Tween-20, 100 mM TRIS-HCl pH 7.5, 200 mM NaCl, 2 M
urea, and once with distilled water. Between each step, sepharose
was pelleted by a brief low-speed centrifugation. The pelleted and
washed material was then dissolved directly in loading buffer (see
above) and boiled for 5 min; equal amounts were loaded onto10%
SDS polyacrylamide gels. After electrophoresis, polypeptides
were stained with Coomassie Blue, and the gels were dried and
subjected to autoradiography. Gel regions containing the immuno-
precipitates and the corresponding areas in control lanes were pre-
cisely excised and dissolved in scintillation liquid; radioactivity
was measured for 15 min in a β-counter to determine the time-
course of degradation.

Results

Formation of fluorescent gap junctions in living cells

When chimera Cx.EGFP-2 (Fig. 1A) consisting of the
entire coding region of rat connexin32 and EGFP was
expressed in hepatocellular carcinoma-derived PLC
cells, a multipunctate cytoplasmic fluorescence was seen
with some large aggregates, whereas cell borders were
either not stained at all or only diffusely fluorescent (Fig.
1B), indicating that the chimeric polypeptides were not
integrated into gap junctions. Therefore, a second con-
struct was prepared with a truncated version of connex-
in32, since recent studies have shown that deletion
and/or substitution of the cytoplasmic carboxyterminus
does not interfere with either the topogenesis or function
of connexin32 (Werner et al. 1991; Levine et al. 1993;
Troyanovsky et al. 1993, 1994a, 1994b; Rabadan-Diehl
et al. 1994; Leube 1995; George et al. 1998, 1999). The
segment used for the expression of Cx.EGFP-1 (Fig. 1A)
was identical to that used by us recently (Troyanovsky et
al. 1993, 1994a, 1994b; Leube 1995) but was one amino
acid longer than the shortest, still fully functional, mu-
tant described by Rabadan-Diehl et al. (1994), 10 amino
acids longer than the chimera investigated by George et
al. (1998, 1999), and 5 amino acids shorter than the mu-

tant examined by Werner et al. (1991) and Levine et al.
(1993). Similar to our previous observations, chimeric
polypeptides were detectable in strongly fluorescent
membrane patches of various sizes at cell borders and in
multiple vesicular elements of variable appearance (Fig.
1C, C’). No plasma membrane staining was observed be-
tween transfected and non-transfected cells (Fig. 1C,
C’). Next, stably transfected cell lines were selected to
minimize the cell-to-cell variation in transgene expres-
sion and polypeptide distribution. The fluorescence seen
in living cells of one such clone is depicted in Fig. 1D,
E. The results obtained with this clone, termed PCx-9,
are presented in the rest of this communication, although
similar results were obtained in other cell lines that were
established in parallel.

When polypeptides enriched in 10,000 g and 100,000 g
pellets from PCx-9 cells were analyzed by immunoblot-
ting, a major polypeptide band reacted with antibodies
directed against GFP and connexin32; this band migrat-
ed in the expected molecular weight range (calculated
molecular weight of fusion protein 52,718; Fig. 2). In
addition, some lower molecular weight bands were de-
tected with both antibodies; these bands possibly result-
ed from aberrant processing in the ER as reported for
cells overexpressing connexin32 (Falk et al. 1994) or
from degradation and/or modification. Most immunore-
activity was found in the 10,000 g pellet fraction. No
connexin polypeptides were detected in wild type PLC
cells.
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Fig. 2 Photographs of immunoblots obtained from cell fractions
that were prepared from hepatocellular carcinoma-derived PLC
wild type cells (wild type) and subclone PCx-9 stably transfected
to express chimera Cx.EGFP-1. The chimera was detected either
with antibodies against connexin32 (anti-connexin 32) or GFP
(anti-GFP). The 10,000 g pellet fractions (P 10 000) and 100,000 g
pellet fractions (P 100 000) were subsequently prepared, and
equal polypeptide amounts were loaded in each lane. Note that
both antibodies react with a polypeptide of the expected size of
approximately 53 kDa (arrow) and more weakly with a lower mo-
lecular weight polypeptide (arrowhead). The additional slower
migrating bands seen with the GFP antibody are unspecific as they
are also detectable in wild type cells (star). The position and mo-
lecular mass of co-electrophoresed size markers are shown right in
kDa



The fluorescence pattern of Cx.EGFP-1 was retained
after fixation and was indistinguishable from that seen in
live cells (compare, e.g., Fig. 1D, E with Fig. 3A, B).
Furthermore, the strong fluorescence emitted by the chi-
meric polypeptides almost completely co-localized with
the immunofluorescence obtained by using antibodies
against connexin32 or GFP (Fig. 3), although the sensi-
tivity of the connexin antibodies was not sufficient to de-
tect all fluorescent Cx.EGFP-1. It was concluded that
GFP-fluorescence can be used as a highly sensitive and
reliable marker for tracking Cx.EGFP-1 in PCx-9 cells.

We then showed, by electron microscopy, that, in con-
trast to wild type PLC cells, multiple large gap junctions
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Fig. 3 Fluorescence micrographs showing EGFP fluorescence (A,
B EGFP) and corresponding indirect immunofluorescence with
antibodies against connexin32 (A’ anti-Cx32) or GFP (B’ anti-
GFP) in formaldehyde-fixed PLC cells of clone PCx-9 stably ex-
pressing Cx.EGFP-1. Note that the EGFP-fluorescence coincides
in most part with the epitopes detected by indirect immunofluores-
cence, although the connexin antibodies do not detect all EGFP-
positive structures. (Arrows Fluorescent plaques at cell contact
sites.) Bars 10 µm



are present in PCx-9 cells. In some instances, the charac-
teristic multilaminar structure was resolved (Fig. 4A).
Furthermore, these gap junctions contained the chimeric
polypeptide as seen by immunoelectron microscopy
(Fig. 4B). Labeling was also detectable in cytoplasmic
vesicles, including vesicular profiles, which were partial-
ly surrounded by two or multiple layers of closely ap-
posed unit membranes (not shown).

Dynamics of gap junctional plaques

To record the dynamics of Cx.EGFP-1-containing struc-
tures by time-lapse fluorescence microscopy, PCx-9 cells
were placed in a small chamber that was mounted on the
stage of an epifluorescence microscope; fluorescence
was monitored with a digital camera. Figure 5 presents a
selection of pictures taken from a typical series of micro-
graphs that were recorded at 15-s intervals for 28 min.
The movie generated from these pictures (movie 1;
available at http://www.uni-mainz.de/FB/Medizin/Anat-
omie/Leube/) shows that the multiple fluorescent plaques
at the cell border between the two cells are highly dy-
namic. Most move around erratically and change their
shape continuously (see, e.g., region marked by rectan-
gle in Fig. 5 and movie 1). They often fuse with each
other (see, e.g., regions marked by ovoids in Fig. 5 and
movie 1) or separate into small parts (see, e.g., region
marked by circle in Fig. 5 and movie 1). In contrast to
the high degree of mobility of gap junctions at the cell
surface, several large and strongly fluorescent cytoplas-
mic structures were stationary, moving only very little
during the entire observation period (e.g., arrowheads in
Fig. 5). In addition, many small puncta were detectable,
most of which were labeled very weakly and are just
above the detection limit. These multiple vesicular ele-
ments moved around in the cytoplasm rapidly (movies
1–4 at http://www.uni-mainz.de/FB/Medizin/Anatomie/
Leube/) and were difficult to follow between frames.

Movie 2 taken at 0.14-min intervals and the corre-
sponding Fig. 6 depict another type of behavior of dy-
namic gap junctions. In this short sequence, two fluores-
cent plaques can be viewed en face, thereby showing dif-
ferences in fluorescence intensity within the extended
contact regions. Circular spots of increased or reduced
intensity can be distinguished from weaker fluorescence,
all of which move and intermingle quickly.

Endocytosis of gap junctional plaque regions

In order to understand the relationship between the sur-
face-localized gap junctions and the multiple fluorescent
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Fig. 4 Electron microscopy (A) and immunoelectron microscopy
(B) of PLC clone PCx-9 stably expressing chimera Cx.EGFP-1.
A Gap junction with characteristic multilaminar appearance.
B Multiple gap junction-like structures (arrows) labeled by anti-
bodies against GFP (anti-GFP) with the immunogold technique in
combination with silver amplification. Bars 150 nm
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Fig. 5 Sequence of fluorescence micrographs taken from movie 1
(pictures taken every 0.25 min for 28 min; available at
http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/) document-
ing the dynamics of Cx.EGFP-1-positive structures in living PLC
cells of clone PCx-9. The brightfield picture was taken
2.50 min before the start of fluorescence microscopy, and the posi-
tion of the cell border between both cells is demarcated by the dot-
ted line (nu position of nucleus). Note the different types of mobil-
ity of fluorescent patches at cell contact sites that are best resolved
in the movie. In both the figure and movie, a region of high mobil-

ity is labeled by a rectangle, the fusion of plaques is demarcated
by an ovoid between 0.00 min and 9.50 min and again in another
area by an ovoid between 9.75 min and 28.00 min. Separation of a
plaque into several fragments is marked by a circle. The time
points of recording are given lower right in minutes. Some large,
strongly fluorescent cytoplasmic structures that remain stationary
are denoted by arrows only in the figure. Note also the presence of
many rapidly moving small fluorescent dots in the movie. Bar
5 µm



cytoplasmic vesicular structures in PCx-9 cells, we fo-
cused our attention on possible exo- and endocytotic fu-
sion events. Given the limits of spatial and temporal res-
olution obtainable in the current experimental setup, it
was difficult to trace the very small vesicles, which not
only moved extremely rapidly, but also passed in and out
of the focal plane. Therefore, it was only possible unam-
biguously to follow the movements of the larger and
strongly fluorescent vesicles. In contrast to the absence
of documentable exocytotic fusion of any of these vesi-
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Fig. 6 Fluorescence micrographs (inverse presentation) depicting
heterogeneity in two Cx.EGFP-1-positive cell contact sites that are
viewed en face in live PLC cells of clone PCx-9. The three pictures
shown are taken from a short 9.94 min movie (movie 2; accessible at
http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/) for which

pictures were recorded every 0.14 min. The time of recording is giv-
en lower left. Note the differences in fluorescence intensity, particu-
larly in the large structures right that are seen to move around in the
movie. Weak and highly mobile fluorescence is also detectable in the
vicinity corresponding to cytoplasmic regions. Bar 1 µm

Fig. 7A, B Pictures taken from time-lapse fluorescence microsco-
py of Cx.EGFP-1-expressing PCx-9 cells depicting endocytosis of
gap junctional fragments. The sequence in A (corresponding
movie 3 taken at 1 min intervals; available at http://www.uni-
mainz.de/FB/Medizin/Anatomie/Leube/) shows the budding of a
tubular structure from an extensive junction (arrow in figure and
movie). In B (corresponding movie 4 taken at 0.5 min intervals;
available at http://www.uni-mainz.de/FB/Medizin/Anatomie/Leu-
be/), a strongly fluorescent patch (arrow in figure and movie) can
be tracked within a gap junction that first extends into the cyto-
plasm (9.5 min), retracts (20.5 min) before it eventually buds off
(22.5 min), and is taken up into the cytoplasm (27 min). Bar 2 µm
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cles, the occasional endocytosis of partial gap junctions
was seen. Two examples are depicted in Fig. 7 and mov-
ies corresponding 3 and 4 revealing some remarkable
features. Figure 7A shows that a local concentration of
fluorescence within a plaque region is visible long be-
fore endocytosis occurs. This junctional microdomain
moves around within the junction and forms extensive
tubular infoldings, flattening out several times before it
eventually buds off. An elongated budding profile is also
seen in Fig. 7B. The endocytotic structures are then tak-
en deep into the cytoplasm, change shape, and round up.
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Fig. 8 Fluorescence microscopy depicting the distribution of
Cx.EGFP-1 (A–F) in formalin-fixed PLC cells of clone PCx-9 in
relation to endocytosed Texas-Red-labeled HRP (0.1 mg/ml for
1 h; A’, B’, C’, D’), endocytosed Texas-Red-labeled transferrin
(5 µg/ml for 1 h; E’) and the lysosomal marker LAMP-2 detected
by indirect immunofluorescence microscopy (F’). The third pic-
ture in each case was generated by overlay, and co-localization of
green and red fluorescent spots is shown in a false blue color for
the better identification of the very rare colocalizing fluorescent
spots. Note that significant colocalization was only seen in some
cases for endocytosed HRP and Cx.EGFP-1 (e.g., B’’) and that, in
these instances, EGFP fluorescence often formed a partial cap on
HRP-labeled vesicles (see high magnification in C’’ and D’’).
Bars 5 µm in A, B; 2 µm in C, D; 10 µm in E, F

▲

Fig. 9 Composite autoradiograph of immunoprecipitates obtained
from pulse-labeled PCx-9 cells to determine the half life of
Cx.EGFP-1 (A) and fluorescence microscopy of formalin-fixed
PCx-9 cells treated with cycloheximide (B–D). A Immunoprecipi-
tates using GFP-specific antibodies were prepared from pulse-la-
beled cells after various chase periods (0h, 1h, 2h, 4h, 8h) and sep-
arated by 10% SDS PAGE (right position and molecular mass in
kDa of co-electrophoresed molecular weight standards). Note the
decrease in intensity of bands after 1 h and the lack of significant
radioactivity in the control lane (C) prepared from immunoprecip-
itates without primary antibodies. Higher molecular weight bands

correspond to connexin multimers that were not completely re-
solved in this experiment. B–D Fluorescence micrographs show-
ing continuous loss of Cx.EGFP-1 fluorescence in PCx-9 cells in
the presence of cycloheximide (17.5 µM). Note that perinuclear
and fine vesicular immunoreactivities, which are seen at the onset
of the experiment (0h; arrowheads in B), are no longer detectable
at 4 h and that an overall progressive reduction of immunoreactiv-
ity is apparent at 4h and 8h, both at cell contact sites (compare ar-
rows in B–D) and in the large cytoplasmic vesicular structures
(NU position of nucleus). Bar 10 µm (all micrographs)



Typically, endocytotic vesicles remained stationary and
strongly fluorescent.

To determine the nature of Cx.EGFP-1-positive cyto-
plasmic structures further, PCx-9 cells were incubated
with the fluorochrome-coupled fluid phase marker HRP.
Figure 8A–A’’ shows that HRP-labeled vesicles were
distinct from Cx.EGFP-1-positive structures. Only some-
times was co-distribution noted in large vesicular pro-
files; these often contained strongly fluorescent caps of
Cx.EGFP-1, indicating local clustering of chimeric con-
nexin molecules (e.g., Fig. 8B–B’’ and details in Fig.
8C–C’’, D–D’’). Furthermore, incubation of PCx-9 cells
with fluorochrome-labeled transferrin, which is taken up
by receptor-mediated endocytosis, did not result in sig-
nificant labeling of Cx.EGFP-1 vesicles (Fig. 8E–E’’).
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Fig. 10 Series of overlay pictures taken from movie 5 (available
at http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/) show-
ing brightfield pictures merged with fluorescence pictures (green)
to demonstrate Cx.EGFP-1 mobility in four PCx-9 cells before
and after the addition of cycloheximide (17.1 µM). The cells re-
mained viable during the entire period of 249 min as judged from
the ongoing undulations of peripheral cell regions (most pro-
nounced in cell 2) and the continuous fast movements of cytoplas-
mic dots, which can be seen in movie 5. Note the stationary nature
of large cytoplasmic vesicular structures (e.g., those labeled by
white arrows in the figure) contrasting with the highly dynamic
plaques at cell contact sites, which are subject to continuous re-
modeling. Between 199 min and 204 min, i.e., almost 3 h after the
addition of cycloheximide, a large plaque is broken up (boxed ar-
ea in the figure). Concurrently, cell 3 creeps between cells 1 and 2
establishing new contacts, and plaque material is taken up into cell
2 (blue and red arrow in figure). Note the overall reduction in flu-
orescent structures, most notably at cell contact sites between the
onset and end of the experiment. Bar 10 µm



Finally, to determine whether the cytoplasmic fluores-
cence of Cx.EGFP-1 overlaps with the lysosomal com-
partment, EGFP fluorescence was compared with the
immunofluorescence pattern obtained with lysosomal
markers (Fig. 8F–F’’). This showed that lysosomes do
not colocalize with large Cx.EGFP-1 vesicles or any oth-
er Cx.EGFP-1-positive structure.

Gap junction reduction in cycloheximide-treated cells

It has been known for a long time that gap junctions are
subject to rapid turnover given the rather short half life
of their molecular subunits (Fallon and Goodenough
1981; Traub et al. 1987). To determine whether this also
applies to Cx.EGFP-1-containing gap junctions, pulse-
chase labeling experiments were performed by which a
half life of 3.3 h was determined for the recombinant
molecule (Fig. 9A), being intermediate between the val-
ue of 2.5–3 h determined for wild type connexin32 in
primary hepatocytes (Traub et al. 1987) and 5 h in liver
(Fallon and Goodenough 1981). On the addition of in-
hibitors of protein translation, one should therefore be
able to follow the disassembly of gap junctions. To test
this, cells were treated with cycloheximide. Figure 9B–D
shows representative fluorescence microgaphs of cells
before the addition of cycloheximide and 4 h and 8 h af-
terward. At 4 h, most of the weak cytoplasmic fluores-
cence, especially that in close apposition to the nucleus,
was no longer detectable. The number of gap junctions
was also reduced. After 8 h cycloheximide treatment, the
overall fluorescence was greatly reduced, and only occa-
sional small gap junctions were visible. Remarkably,
some of the large fluorescent vesicles were still present.

Next, time-lapse fluorescence microscopy was per-
formed to follow the dynamics of gap junction reduction
in cycloheximide-treated cells (Fig. 10; movie 5 at
http://www.uni-mainz.de/FB/Medizin/Anatomie/Leube/).
For movie 5, cycloheximide concentrations were chosen
that were just sufficient to inhibit protein translation ef-
fectively. In order to monitor cell viability, brightfield
pictures were taken just before each fluorescence image.
Furthermore, after being recorded, corresponding micro-
graph pairs were merged into single pictures so that fluo-
rescence patterns could be assigned directly to specific
cellular regions. A threshold level was set arbitrarily
above which fluorescence was scored as positive (corre-
sponding to a green pixel), thereby extinguishing differ-
ences in fluorescence intensity and some of the weaker
fluorescence. During the comparatively long recording
period, hardly any fading of fluorescence occurred, and
the threshold level for fluorescence detection was the
same during the entire time. In movie 5, a pre-run of
30 min is first shown depicting the characteristic dynam-
ic behavior of Cx.EGFP-1, after which cycloheximide-
containing medium was pumped into the culture cham-
ber. The addition of the drug did not visibly affect any of
the typical features of gap junction dynamics. However,
an overall reduction of gap junctions was noticeable with

time. Furthermore, endocytotic events appeared to be
more frequent in this film (e.g., boxed area in Fig. 10)
and in other recordings of cycloheximide-treated PCx-9
cells. Typically, a massive reorganization of cells and
cell contacts occurred at the same time. Thus, cell 3,
which was located at the bottom of the depicted area at
the beginning of the observation period, slid between
cells 1 and 4; this was accompanied by endocytosis and
formation of new contact sites (Fig. 10, movie 5). Again,
endocytosed material remained comparatively stable in
the cytoplasm in vesicular form. At the end of the obser-
vation period, gap junctions and cytoplasmic vesicles
were still present, although their number and the total ar-
ea occupied appeared to be reduced.

Discussion

We have shown that a chimera consisting of a carboxy-
terminally truncated version of rat connexin32 and
EGFP is targeted to gap junctions of various sizes in
cDNA-transfected cells. This is in agreement with sever-
al reports demonstrating that the truncation of connex-
in32 at the same or nearby positions does not affect traf-
ficking, localization, or channel formation in transgenic
cells (Werner et al. 1991; Levine et al. 1993; Troyanov-
sky et al. 1993, 1994a, 1994b; Rabadan-Diehl et al.
1994; Leube 1995; George et al. 1998, 1999), although it
cannot be excluded that certain functions might be al-
tered in vivo (cf. Rabadan-Diehl et al. 1994) or that het-
erologous segments interfere with function (Bruzzone et
al. 1994). We do not understand why the full-length con-
nexin32 fused to EGFP was mis-localized, but defects in
channel formation and unusually strong cytoplasmic flu-
orescence have been reported for a comparable chimeric
polypeptide consisting of full-length connexin32 and
aequorin (Martin et al. 1998), and unforeseen steric hin-
drances may adversely affect structural and/or functional
aspects of gap junction formation in these recombinant
polypeptides. The highly similar pattern of autofluores-
cence elicited by the fusion protein Cx.EGFP-1 and the
indirect immunofluorescence of antibodies directed
against GFP and connexin32 further suggest that the de-
tection of GFP fluorescence in living cells accurately re-
ports the distribution and trafficking of the chimeric
polypeptides. It should be kept in mind, however, that
biosynthetic compartments might be under-represented,
as fluorophore formation has been shown to occur with a
considerable lag period after synthesis (Heim et al.
1994).

An important outcome of our time-lapse fluorescence
microscopy of PCx-9 cells has been that gap junctional
plaques are highly dynamic. By the simultaneous record-
ing of brightfield images and fluorescence, we can ex-
clude that these movements reflect only cell shape chang-
es or cell motility (see, e.g., movie 5). The plaque regions
are in continuous motion, moving around at considerable
speed, changing shape, fusing frequently with each other,
and separating into smaller patches. Lateral coalescence
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and mobility of plaques have also been demonstrated for
gap junctions formed by a connexin43-GFP chimera
(Jordan et al. 1999). However, in contrast to Jordan et al.
(1999) who were only able to record fluorescence for up
to 37.3 min, we should like to stress that the gap junc-
tions formed in our cells were highly motile. This is quite
different from other junctions such as desmosomes,
which we have labeled by recombinant fluorescent poly-
peptides in the same cell type (own unpublished observa-
tions), and other adherens junctions (Adams et al. 1998).
The high degree of mobility suggests that only very little
restriction is imposed by cytoskeletal elements on gap
junctions. Therefore, treatment of PCx-9 cells with the
microtubule-disrupting agent nocodazole or with the mi-
crofilament-disrupting drug cytochalasin does not signifi-
cantly affect the dynamic behavior of fluorescent gap
junctions (not shown). This is in agreement with the view
that neither microfilaments nor microtubules are needed
for gap junction assembly (Kidder et al. 1987; Feldman et
al. 1997; George et al. 1999), although certain aspects of
clustering and stability may be regulated by these fila-
ment systems (e.g., Rassat et al. 1982; Wang and Rose
1995), and connexins may associate with cortical
linker and/or signaling molecules (e.g., Giepmans and
Moolenaar 1998; Toyofuku et al. 1998).

In addition to the mobility of entire gap junctional
plaques within the plasma membrane, we have also ob-
served dynamic heterogeneities within plaques. These dif-
ferences in fluorescence intensity can be attributed to the
superimposition of fluorescent vesicles in close vicinity of
Cx.EGFP-1-positive plaques and to localized membrane
infoldings. Alternatively, they could reflect different pack-
ing densities of membrane particles in the junctional mac-
ula. Whether such heterogeneities, which have been
known for a long time, are of relevance for channel func-
tion is not clear (cf. Johnson et al. 1989; Goodenough et
al. 1996). However, along these lines, it should be of inter-
est to determine whether these subdomains correlate to
specific connexon groups that are either in the process of
entering or leaving plaque regions (Johnson et al. 1989)
and which factors influence their formation and mobility.

The investigation of the biosynthesis of the gap junc-
tion is complicated, in our system, by the finding that the
synthesis of GFP and initiation of fluorescence probably
do not coincide (see, e.g., Heim et al. 1994). Since mature
gap junctions are formed, we conclude however that
Cx.EGFP-1 passes the “quality control” step in the ER
(for ER retention of mutants see, e.g., Leube 1995) and as-
sume that it is transported through the secretory pathway.
This notion is also supported by observations involving
the use of comparable connexin32-aequorin chimeras lo-
calized to ER and Golgi compartments (George et al.
1999). Since clear exocytotic fusion events of larger vesi-
cles are not detectable in our films, we suspect that some
of the multiple and weakly fluorescent vesicles moving at
high speed connect the biosynthetic compartments with
each other and the plasma membrane. Accordingly, these
compartments are reduced when cells are treated with
cycloheximide. Therefore, gap junctions are probably

formed from Cx.EGFP-1 at the cell surface by the apposi-
tion of oligomers that are provided in small vesicles and
not by the addition of large pre-assembled clusters. This
fits the concept of gap junction formation, whereby oligo-
merization occurs gradually along the exocytotic route in
the ER and Golgi compartments (Musil and Goodenough
1993; Puranam et al. 1993; Rahman et al. 1993; Kumar et
al. 1995; Laird et al. 1995; Leube 1995; George et al.
1999) and gap junction assembly takes place at the cell
surface by the recruitment of small aggregates (Benedetti
et al. 1974; Johnson et al. 1974, 1989). Experiments are
under way in which our cells are treated with drugs with
the aim of enriching transport intermediates in specific
compartments (see, e.g., Musil and Goodenough 1993;
Laird et al. 1995; Wang and Rose 1995; Feldman et al.
1997) at a level sufficient for clear visualization to follow
further trafficking after release of the block in quasi pulse-
chase experiments in living cells (compare with Wacker et
al. 1997; Hirschberg et al. 1998).

Efficient mechanisms must exist to remove connexin
molecules given the short half life that has been deter-
mined in this study and that is similar to the half life de-
termined for wild type connexin32 in vivo and in prima-
ry culture (Fallon and Goodenough 1981; Traub et al.
1987). Two principal modes can be envisaged. Either
complete junctional plaques are removed by endocytosis,
and connexin molecules are subsequently degraded or
reutilized. Alternatively, small subunits are removed
from the plaques either by dispersal or by endocytosis
and are subjected to degradation or reutilization.

The occurrence of annular gap junctions in the cyto-
plasm has been taken as evidence for the endocytosis of
large gap junctional plaques encompassing plasma mem-
branes from both abutting cells (Larsen and Risinger
1985; Sasaki and Garant 1986; Laird 1996). We have doc-
umented endocytotic events that could represent this pro-
cess in Figs. 7 and 10 and the corresponding movies 3–5,
whereby long tubular structures are formed that eventually
pinch off. In agreement with the rare occurrence of these
events, only a very few cytoplasmic connexin32-EGFP
vesicles could be labeled with the fluid phase marker HRP
and even fewer with the receptor-specific endocytosis
marker transferrin (compare also with the lack of co-dis-
tribution of transferrin receptor and a connexin32 chimera
in Leube 1995). Remarkably, fluorescence in endocytosed
vesicles remains stable for considerable periods of time.
Therefore, it is no surprise that cytoplasmic Cx.EGFP-1
only rarely co-localizes with lysosomal polypeptides (see
also Leube 1995), although this is in contrast to previous
observations by others suggesting the lysosomal degrada-
tion of cytoplasmic gap junctions (e.g., Larsen and Hai-
Nan 1978; Sasaki and Garant 1986; Gregory and Bennett
1988; Rahman et al. 1993). We conclude that endocytosis
of gap junctions and lysosomal degradation do not ac-
count alone for the high turnover of gap junctions and
their connexin molecules in our cells; future experiments
will have to show whether the importance of annular gap
junctions as a regulatory compartment for gap junction
dynamics has been overemphasized in the past.
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The removal of gap junctions also appears to be regu-
lated in a way that is difficult to visualize. Whereas it is
comparatively easy to detect closely clustered molecules
in plaques, it is much more difficult to identify small oli-
gomers or even single connexin molecules unambigu-
ously. Therefore, small vesicles or membrane regions
carrying only a few connexin molecules may be barely
above the detection limit of fluorescence microscopy.
Potential candidate carriers are the multiple small and
rapidly moving puncta that we have seen in all movies
but that are just above background and difficult to follow
between frames. These structures do not only shuttle be-
tween biosynthetic compartments as suggested by obser-
vations in cycloheximide-treated cells that did not com-
pletely lose these flickering puncta (not shown).

In an attempt preferentially to detect modes of gap
junction disassembly, cells were treated with the transla-
tion inhibitor cycloheximide. It should be noted, however,
that connexin molecules synthesized before the addition
of the drug continue to be integrated into gap junctions
(Laird et al. 1995). We therefore consider that the initial
reduction of cytoplasmic fluorescence in cycloheximide-
treated cells is a result of the depletion of biosynthetic and
secretory compartments. Clearly, gap junction assembly is
also not inhibited after cycloheximide addition, as we
have noted new contact formation between rearranged
cells in accordance with reports by others (Epstein et al.
1977; Tadvalkar and Da Silva 1983). Interestingly, in-
creased cell motility and elevated rates of endocytosis are
often observed in our cycloheximide-treated cells. This
could be the consequence of an overall reduction of cell
adhesiveness because of drug-induced destabilizing ef-
fects on other cell-to-cell junctions whose dynamics have
been shown to be linked to gap junction morphogenesis
(e.g., Fujimoto et al. 1997; Wang and Rose 1997). The
continuous loss of junctional and vesicular fluorescence in
cycloheximide-treated cells suggests that, similar to as-
sembly, the disassembly of gap junctions is a dynamic
process involving gradual subunit removal.

In conclusion, we have established and characterized
cell lines that can be used as model systems to examine
gap junctions in living cells. We have shown that gap
junctions are highly motile structures that can be moni-
tored for many hours under defined culture conditions,
thereby enabling the investigation of mechanisms that
determine gap junction formation and disassembly in
single cells. Our results suggest that gap junction mor-
phogenesis is regulated at the subunit level probably in-
volving small and rapidly moving vesicles (compare also
with Jordan et al. 1999) and by endocytosis of gap junc-
tional fragments into a non-lysosomal compartment.
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