








Subsequent to Internalization AGJ Vesicles Fragment into
Smaller Vesicles Suitable for Degradation
We performed additional time-lapse imaging to investigate
the fate of GJs after their internalization. Our observations
showed that AGJ vesicles, after internalization and translo-
cation, fragmented into smaller vesicles. Specifically, smaller
AGJ vesicles were observed to bud from a specific initiation
site on the surface of a larger AGJ vesicle (Figure 2A, arrow-
heads, and Supplemental Movie 2A). This resulted in a clear
reduction of parent AGJ vesicle size (by �2 �m in the
example shown) and a cluster of closely apposed smaller
and larger AGJ vesicles. Confocal analysis in the presence of
DiI revealed the mixed lipid/Cx composition (Figure 2B),
and electron microscopic examination revealed the ultra-
structural composition of these AGJ vesicle clusters in the

cytoplasm of the Cx43-GFP–transfected HeLa cells (Figure 2,
C and D). Overall, these results demonstrate that GJs, after
internalization and translocation into the cytoplasm, frag-
ment into smaller AGJ vesicles suitable for further degrada-
tion shown to occur primarily via endo/lysosomal path-

Figure 2. Internalized double-membrane GJ vesicles fragment into
smaller vesicles. (A) Time-lapse recordings of Cx43-GFP–transfected
HeLa cells demonstrate initial degradation of AGJ vesicles by succes-
sive budding of smaller AGJ vesicles from a newly internalized, larger
AGJ vesicle (marked with arrowheads; also see Supplemental Movie
2A). (B) Confocal section of an AGJ vesicle cluster stained with DiI. (C
and D) Ultrastructural composition of AGJ vesicles from Cx43-GFP–
transfected HeLa cells. Note the “collapsed” AGJ vesicle with its two
closely apposed double-membrane envelopes (D, asterisk).

Figure 3. Double-membrane GJ internalization is clathrin medi-
ated. (A and B) Colocalization of clathrin patches with GJs and
internalized AGJ vesicles in Cx43-GFP–transfected HeLa cells. (C–E)
Defined patches of dense protein coats with the characteristic thick-
ness and appearance of clathrin coats on the outside of internalized
GJ vesicles (C and E), and on GJ plaques (D). (F) Significant reduc-
tion of clathrin heavy chain (CHC) expression by RNAi (Tub, �-tu-
bulin; WT, wild type). (G) Significant reduction of internalized GJ
numbers in KD cells (number of cells � wt [157] and KD ]189];
internalized GJ vesicles counted and grouped by size (wt [KD]): �2
�m: 68 [40]; �1.5 �m: 199 [134]; �1 �m: 645 [366]; and �0.5 �m 1759
[973]). Data shown are mean � SEM. p values indicate significance.
(H) Significant reduction (p � 0.04) of internalized GJ vesicle num-
bers in hypertonic medium treated cells (number of untreated cells,
125; number of treated cells, 99; Con, control cells; Tr, treated cells).
Only AGJ vesicles �2 �m in diameter were counted. Data shown
are mean � SEM.
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ways (Ginzberg and Gilula, 1979; Qin et al., 2003; Berthoud
et al., 2004; Leithe et al., 2006; our unpublished data). Thus,
smaller AGJ vesicles can be derived from processes other
than internalization of small GJ plaques.

Clathrin Is Recruited to GJs and AGJ Vesicles and Is
Required for GJ Internalization
In previous studies, a dense protein coat was detected on the
outer surface of AGJs by ultrastructural analyses (Larsen et
al., 1979). We thus investigated clathrin localization in our
Cx43-GFP–expressing HeLa cells. A robust colocalization of
clathrin recruited to defined patches was detectable along
the surface of GJs (marked with arrows) as well as AGJ
vesicles (marked with arrowheads) by confocal microscopy
(Figure 3, A and B). The same patchy distribution was
observed using different clathrin-specific monoclonal and
polyclonal antibodies (directed against either clathrin heavy
or light chains; see Materials and Methods), with untagged
Cx43 expression, and with endogenous Cx43 in COS-7 cells
(data not shown). Patches of dense protein with the charac-
teristic thickness and appearance of clathrin coats were also

detected on the outside of AGJ vesicles and on GJ plaques by
ultrastructural analyses of our Cx43-GFP–expressing HeLa
cells (Figure 3, C–E, arrows).

Because cells have developed several mechanistically dis-
tinct endocytic pathways (Conner and Schmid, 2003), we
tested the importance of clathrin for the internalization of GJ
plaques by depleting HeLa cells of clathrin-heavy chain by
RNAi as determined by Western blot analyses (Figure 3F).
Endocytosis inhibition was verified by fluorescent trans-
ferrin uptake, which was nearly abolished in the RNAi-
treated cells (data not shown). AGJ vesicles were then
counted in wild-type (wt) and knockdown (KD) Cx43-GFP–
transfected cells. In three independent experiments, we
found a significant reduction in the number of AGJ vesicles
that were internalized in the clathrin KD cells (55%; Figure
3G). A similar result (56% reduction) was obtained when we
cultivated Cx43-GFP–transfected HeLa cells in hypertonic
medium, a treatment described to prevent clathrin and
adaptor proteins from interacting (Heuser and Anderson,
1989; Hansen et al., 1993; Figure 3H). Overall, these investi-
gations demonstrate a critical role for clathrin in the inter-
nalization and degradation of Cx43-based GJs.

Figure 4. Colocalization of clathrin adaptors
and dynamin with Cx43-based GJs and AGJ
vesicles. GJs are marked with arrows. AGJ
vesicles are marked with arrowheads. (A and
B) The classical PM clathrin adaptor AP-2
shows minimal colocalization with GJs and
AGJ vesicles. (C and D) The alternative potent
clathrin adaptor Dab-2 colocalizes robustly
with GJs and AGJ vesicles in Cx43-GFP–trans-
fected HeLa cells. (E and F) Specificity of the
Dab2/Cx43 colocalization was tested in COS-7
cells that express significantly lower levels of
Dab2 (see immunoblot in K). Other known
potent clathrin adaptor proteins CALM (G) or
epsin1 (H) exhibited weak colocalization with
Cx43-GFP based GJs and AGJ vesicles. Dy-
namin also colocalizes robustly with GJs and
AGJ vesicles (I and J).
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The Alternative Clathrin-Adaptor Dab2 and the GTPase
Dynamin Are Specifically Recruited to Cx43-based GJs
and AGJ Vesicles
Clathrin does not interact directly with endocytic cargo, but
it is typically recruited by interaction with the adaptor pro-
tein complex AP-2 that binds to the cargo receptor. Thus, we
examined whether AP-2 colocalizes with Cx43-based GJs
and AGJ vesicles. Surprisingly, a very weak colocalization
(much less pronounced than the clathrin/GJ colocalization)
was observed by confocal analyses (Figure 4, A and B).
Recently, several alternative adaptor proteins have been
described that interact with cargo-receptors and clathrin
(Puertollano, 2004; Traub, 2005). Thus, we tested whether
one of the other potent clathrin-binding adaptors, Dis-
abled-2 (Dab2), CALM, or epsin, would colocalize with GJ
and/or AGJ vesicles. We found that Dab2, but not CALM or
epsin, efficiently localized to Cx43-based GJs, internalizing
plaques, and AGJ vesicles in a similar pattern to clathrin
(Figure 4, C–H). Because HeLa cells express relatively high
levels of Dab2 (Figure 4K), we tested the significance of this
colocalization in COS-7 cells, which are known to express
low levels of Dab2 (Figure 4K; Dance et al., 2004). Under
these low Dab2 expression conditions, an equally robust
colocalization between Cx43-GFP–based GJs, AGJ vesicles,
and Dab2 was observed (Figure 4, E and F). Similar results
were also obtained with untagged Cx43 expression and with
endogenous Cx43 in COS-7 cells (data not shown).

Another protein that is recruited to clathrin-coated pits is
the GTPase dynamin, which functions in the completion of
vesicle budding (Conner and Schmid, 2003). Robust colocal-
ization of dynamin with Cx43-based GJs and especially in-
vaginating plaques and AGJ vesicles also was observed
(Figure 4, I and J).

Myosin-VI Is Specifically Recruited to Invaginating GJs
and Translocates Internalized GJ Vesicles along Actin
Filaments into the Cytoplasm
Myosin-VI (myo6) is the only motor protein known to mi-
grate toward the pointed (minus) ends (located peri-nucle-
arly) of actin filaments (Hasson and Mooseker, 1994). Re-
cently, it has been described to function in translocating
vesicles generated by clathrin-dependent endocytosis from
the PM through the peripheral actin meshwork into the cell
body (Aschenbrenner et al., 2004; Dance et al., 2004). myo6
can interact directly with Dab2 and thus can link cargo and
endocytic vesicles to actin filaments (Morris et al., 2002;
Dance et al., 2004). Because endocytic vesicles are generally
much smaller (� 0.2 �m in diameter) than newly generated
AGJ vesicles (often �0.5 �m in diameter), we wondered
whether myosin-VI might also be involved in the transloca-
tion of AGJ vesicles.

Staining Cx43-GFP–transfected HeLa cells with anti-myo-
sin-VI antibodies revealed a robust colocalization of myo-
sin-VI specifically with internalizing plaques and newly

Figure 5. Myosin-VI colocalizes with invaginating
plaques and AGJ vesicles, and actin/myosin-VI ac-
tivity drives AGJ vesicle translocation. (A–D) Myo-
sin-VI colocalizes specifically with internalizing GJ
plaques and with newly internalized AGJ vesicles
(marked with arrowheads) but not with planar GJs
(marked with arrows), late AGJ vesicle degrada-
tion products, or Cx43-GFP–containing secretory
cargo vesicles (marked with asterisks) as indicated
by confocal colocalization studies of Cx43-GFP–
transfected HeLa cells. (E–G) Actin filaments
(stained with rhodamine-phalloidin in E and F)
colocalize with GJs (E, arrows) and AGJ vesicles (F
and G, arrowheads) in Cx43-GFP–transfected
HeLa cells (confocal microscopy in E and F; ultra-
structural analyses in G). To examine the involve-
ment of actin/myosin-VI in AGJ vesicle transloca-
tion, actin filaments were either stabilized (by
treating the cells with jasplakinolide [Jaspla]) or
disrupted (by treating with latrunculin A [LatA]),
or a GFP-tagged full length (Myo6FL) construct
was coexpressed with Cx43-GFP and the mean
velocity (H) and the maximum distance traveled (I)
of AGJ vesicles was measured (number of cells
[AGJ vesicles] tracked for DMSO: 7 [11]; jas-
plakinolide: 8 [21]; latrunculin A: 9 [20]; control
cells: 20 [28]; and GFP-M6full–expressing cells: 22
[44]; ANOVA; p � 0.05).
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generated AGJ vesicles (Figure 5, A–C, arrowheads). Colo-
calization with planar GJ plaques (marked with arrows in
Figure 5, A–D), fragmented AGJ vesicles (�0.5 �m in diam-
eter), or with Cx43-GFP–containing secretory vesicles (Fig-
ure 5D, asterisks) was not observed. In addition to myo-
sin-VI colocalization, we also observed colocalization of
GFP-based GJs and AGJ vesicles with actin filaments stained
with rhodamine-phalloidin (confocal microscopy; Figure 5,
E and F, arrows). Actin filament/AGJ vesicle colocalization
was confirmed by ultrastructural analyses (Figure 5G, ar-
rowheads) and is consistent with reports from others using
endogenously expressed Cxs (Larsen et al., 1979).

Next, we investigated whether myosin-VI was involved in
the translocation process of AGJ vesicles along actin fila-
ments as suggested by the GJ/AGJ vesicle-myosin-VI–actin
filament colocalization. Thus, we depolymerized or stabi-
lized actin filaments or overexpressed a GFP-tagged myo-
sin-VI fusion protein (GFP-M6full) in HeLa cells. Using
time-lapse image sequences of Cx43-GFP–based AGJ vesi-
cles in living HeLa cells, we determined AGJ vesicle dynam-
ics and calculated the mean velocity and maximum distance
AGJ vesicles traveled per unit time. When cells were treated
with jasplakinolide (actin filament stabilizer), the mean AGJ
vesicle velocity increased significantly (0.20 � 0.01–0.25 �
0.01 �m/min; p � 0.01; Figure 5H). Similarly, overexpres-
sion of full-length myosin-VI significantly increased mean
AGJ vesicle velocity (0.20 � 0.01–0.25 � 0.01 �m/min; p �
0.01; Figure 5H). Alternatively, treatment with latrunculin A
(actin filament depolymerizer) resulted in a significant de-
crease in AGJ vesicle mobility, as determined by calculating
the maximum distance traveled from the point of origin
(1.7 � 0.3–1.1 � 0.2 �m; p � 0.04; Figure 5I). Overall, our
observed changes in AGJ vesicle mobility indicate that my-
osin-VI translocates AGJ vesicles away from the PM periph-
ery deeper into the cytoplasm for subsequent degradation.
The number of GJs and AGJ vesicles was unchanged in all
these experiments (all p values �0.164), indicating no role
for myosin-VI in earlier processes of GJ internalization.

We also investigated myosin-II, a conventional plus-end–
directed actin-based motor previously suggested to colocal-
ize with internalized AGJs (Murray et al., 1997). Using my-
osin-IIA and myosin-IIB–specific anti-peptide antibodies,
we found no localization of myosin-II to the membrane
periphery of HeLa cells or to GJs, invaginating plaques, or
newly formed AGJ vesicles (data not shown). Treating cells
with blebbistatin, a myosin-II–specific inhibitor did not sig-
nificantly alter the number of AGJ vesicles generated com-
pared with cells that were treated with solvent (DMSO) only
(50 cells treated with solvent, 555 AGJ vesicles in total, 11 �
1 AGJ vesicles/cell; 50 cells treated with blebbistatin, 401
AGJ vesicles in total, 8 � 2 AGJ vesicles/cell; p � 0.2;
ANOVA), suggesting no involvement of myosin-II in GJ
internalization.

DISCUSSION

Formation of Double-Membrane GJ Vesicles
Early ultrastructural analyses revealed large vesicular dou-
ble-membrane GJ structures, AGJs, in the cytoplasm of cells
derived from many different tissues (Ginzberg and Gilula,
1979; Larsen et al., 1979; Pfeifer, 1980; Leach and Oliphant,
1984; Mazet et al., 1985; Severs et al., 1989). Here, we dem-
onstrate by expressing Cx43-GFP (a major GJ subunit pro-
tein) in HeLa cells, that entire GJ plaques can be internalized
into one of the coupled cells to form these cytoplasmic,
double-membrane GJ vesicles (Figure 1). Our studies also

show that nascent AGJ vesicles, subsequent to internaliza-
tion, fragment into smaller AGJ vesicles (Figure 2) suitable
for further degradation by endo/lysosomal pathways
(Ginzberg and Gilula, 1979; Qin et al., 2003; Berthoud et al.,
2004; Leithe et al., 2006; our unpublished data). Internaliza-
tion of entire GJs, as observed in our study is likely to have
a profound impact on the coupling capacity of cells.

Because cell–cell coupling can be regulated by GJ channel
gating (Delmar et al., 2004; Lampe and Lau, 2004; Moreno,
2005), removal of GJ plaques from the membrane suggests
that the gating function of channels may decrease/cease;
or that Cx43 performs functions in addition to direct
cell– cell coupling that requires relocation of Cx43 into the
cytoplasm (Giepmans, 2004; Jiang and Gu, 2005). Finally,
by internalizing entire GJ plaques, injured, infected, met-
astatic, apoptotic, or mitotic cells could uncouple perma-
nently or transiently from neighboring cells. Notably,
GFP-claudin-3–labeled tight junctions assembled in mouse
Eph4 epithelial cells were recently shown to undergo an
analogous internalization process with the two apposed
membranes coendocytosed into one of the two adjacent cells
(Matsuda et al., 2004). Endocytosis of adherens junctions
(AJs) after calcium depletion has also been reported to occur
via a clathrin-mediated pathway; however, AJs are first
separated symmetrically and components are internalized
into both previously coupled cells (Ivanov et al., 2004a,b).
Desmosomes, another class of cell–cell junctions, also seem
to be separated symmetrically into half-desmosomes before
internalization, however, in a supposedly clathrin-indepen-
dent mechanism (Holm et al., 1993).

GJ channel turnover and internalization has been investi-
gated previously by time-lapse microscopy. However, pre-
vious studies analyzed the assembly and turnover of chan-
nels within GJ plaques (Gaietta et al., 2002; Lauf et al., 2002),
or only small fragments of GJ plaques were observed to
internalize within seconds, or a few minutes (Jordan et al.,
2001; our unpublished data). Although the process of GJ
channel removal from plaques remains unclear, published
work indicates that channels within a plaque are turned over
continuously. It is possible that this occurs in small portions
and that this process has been captured in the Jordan et al.
(2001) study. Here, in contrast, we describe the internaliza-
tion of complete or large portions of GJ plaques, which
occurred over a period of 20–60 min.

Proteins Involved in GJ Internalization
We found that the coat protein clathrin, the alternative adap-
tor protein Dab2, the GTPase dynamin, the unconventional
myosin, myosin-VI, and actin filaments seem to be directly
involved in the internalization, inward movement, and ini-
tial degradation of GJ channel plaques (Figures 3–5). Spatio-
temporal analyses indicated where and when these protein
components interact with GJs and AGJ vesicles (Table 1),
and allowed us to generate a conceptual model for GJ inter-
nalization and degradation (Figure 6). Together, we show
for the first time that a clathrin-dependent endocytic process
internalizes double-membrane regions that can be 50 times
larger than a typical endocytic vesicle (Conner and Schmid,
2003). In addition, this internalization process occurs on
lateral membranes that contact neighboring cells. Recent
consistent reports have shown clathrin-related internaliza-
tion of large particles, such as viruses and pathogenic bac-
teria (Ehrlich et al., 2004; Rust et al., 2004; Veiga and Cossart,
2005) and of large latex beads (Aggeler and Werb, 1982).

In an early ultrastructural study, clathrin had been spec-
ulated to be involved in GJ internalization (Larsen et al.,
1979); however, a robust colocalization of clathrin with GJs,
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internalizing plaques, and AGJ vesicles as described in our
study had not been reported. The crucial role of clathrin for
GJ internalization was demonstrated in our study by a sig-
nificant reduction in AGJ vesicle formation in clathrin KD
cells (Figure 3, F and G), and in cells cultivated in hypertonic
medium (Figure 3H), a treatment known to prevent clathrin
and adaptor proteins from interacting (Heuser and Ander-
son, 1989; Hansen et al., 1993). Unexpectedly, we found that
clathrin did not seem to coat the entire surface of GJs and
AGJ vesicles, but it was distributed in distinct patches (Fig-
ure 3, A–E). Clathrin patches have been detected on the
cytoplasmic PM surface and clathrin triskelia can assemble
into lattices with varying curvatures (Heuser and Anderson,
1989; Fotin et al., 2004). Together, these studies suggest that
adaptable clathrin coats can accommodate the internaliza-
tion of vesicles and other structures that vary significantly in
size and shape.

Generally, clathrin interacts indirectly with endocytic
cargo via the adaptor protein complex AP-2 that binds both
the cargo receptor and clathrin (Traub, 2005). We did not
observe significant colocalization of GJs and AGJ vesicles

with AP-2; instead, we found a pronounced colocalization
with the alternative clathrin adaptor disabled-2 (Dab2). The
colocalization of Dab2 with Cx43-based GJs and AGJ vesi-
cles seemed to be highly specific as indicated by an equiv-
alently robust Dab2 staining of GJs and AGJ vesicles in
COS-7 cells, which express low levels of Dab2 (Figure 4K)
(Dance et al., 2004). Dab2 belongs to a new family of alter-
native clathrin adaptors (including �-arrestin, ARH, AP180/
CALM, HIP1, epsin, and numb) that were found to interact
with certain classes of cargo (Traub, 2003; Puertollano, 2004).
Colocalization of Cx43-GFP–based GJs and AGJ vesicles
with other potential potent clathrin-binding adaptors, in-
cluding CALM and epsin 1, was not observed.

Dab2 has been found to be involved in the internalization
of LDL-receptor family members by recognizing and bind-
ing to a tyrosine-based internalization motif of the type
NPXY (N, asparagine; P, proline; X, any amino acid residue;
and Y, tyrosine) via its N-terminal phosphotyrosine-binding
(PTB) domain (Morris and Cooper, 2001; Mishra et al., 2002).
In addition, Dab2 can bind directly to PtdIns(4,5)P2 found in
lipid membranes. Both reactions trigger clathrin triskelia
assembly and cargo internalization via clathrin-coated ves-
icles (Morris and Cooper, 2001; Mishra et al., 2002; Hinrich-
sen et al., 2003; Motley et al., 2003; Mauer and Cooper, 2006).
Using the PH domain of phospholipase C� linked to GFP as
a fluorescent probe, we did not find a significant colocaliza-
tion of PtdIns(4,5)P2 with GJs (data not shown). Alterna-
tively, conserved putative Dab2 binding motifs of the type
XPXY are present in the C terminus of Cx43 (P283PGY286)
and at least eight additional mouse and human Cxs (includ-
ing hCx31.9 and its mouse orthologue mCx30.2, h/mCx32,
h/mCx37, h/mCx45, h/mCx46, h/mCx47, h/mCx50, and
hCx59), suggesting a potential direct interaction of Dab2
with a number of Cxs. Notably, mutation of critical amino
acid residues within and around the putative Cx43-Dab2
binding site (P283, Y286, and V289) significantly increased the
half-life and the PM localization of Cx43 (Thomas et al.,
2003), suggesting a pivotal role for Dab2 in GJ internaliza-
tion.

In addition to its clathrin-adaptor function, Dab2 can as-
sociate via its C-terminal serine- and proline-rich region
with the C-terminal globular tail of the minus-end–directed
actin motor myo6. This association facilitates transport of

Table 1. Spatiotemporal analysis of components colocalizing with
Cx43-based GJ internalization and degradation intermediates

Colocalization
Planar GJ

plaque
Invaginating

GJ plaque
Early
AGJ

Late
AGJ

Clathrin heavy chain ��� ��� ��� 	
Clathrin light chain ��� ��� ��� 	
AP-2 � � � 	
Dab2 ��� ��� ��� 	
PtdIns(4,5)P2 	 	 	 	
CALM 	 	 	 	
Epsin 	 	 	 	
Dynamin � �� ��� 	
Myosin-VI 	 �� ��� 	
Myosin-IIA 	 	 	 na
Myosin-IIB 	 	 	 na
F-actin �� �� �� �

���, ��, �, and 	 represent strong, intermediate, weak, and no
detectable colocalization, respectively. na, not analyzed.

Figure 6. Schematic model of GJ internaliza-
tion and degradation based on protein com-
ponents that were characterized in this work.
The alternative potent clathrin adaptor Dab2
is recruited to Cx43-based GJs possibly
through a direct interaction of its N-terminal
phosphotyrosine binding (PTB) domain with a
putative XPXY internalization motif located in
the C-terminal tail of Cx43 and in a number of
other connexin family members. The distal
portion of Dab2 on its opposite end binds the
globular N-terminal domain of clathrin heavy
chains and triggers clathrin lattice assembly.
The GTPase dynamin is also recruited to GJs,
resulting in double-membrane protrusion/in-
vagination, neck restriction, and double-mem-
brane scission. Other proteins, such as AP-2 or
epsin might be recruited transiently, or in
smaller numbers either actively or passively
through their interaction with Cx43, Dab2,
and/or clathrin. Dab2 then associates through its C-terminal serine- and proline-rich region with the C-terminal globular tail of myosin-VI
that binds through its N-terminal motor domain to actin filaments resulting in the inward translocation of the internalized double-membrane
GJ vesicles. GJ vesicles then fragment into smaller vesicles that are degraded by endo/lysosomal pathways.
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nascent endocytic vesicles from the PM toward the cell
interior (Morris et al., 2002; Aschenbrenner et al., 2003, 2004;
Hasson, 2003; Dance et al., 2004). We observed a robust
recruitment of myosin-VI specifically to internalizing Cx43-
based GJs and AGJ vesicles but not to planar GJ plaques
(Figure 5, A–D). We also found actin filaments localized to
GJs and AGJ vesicles in Cx43-GFP–transfected HeLa cells by
structural and ultrastructural analyses (Figure 5, E–G), con-
sistent with the well documented role of actin in GJ stabili-
zation and internalization (Larsen et al., 1979; Naus et al.,
1993; Murray et al., 1997; Butkevich et al., 2004). Myosin-VI–
driven translocation of AGJ vesicles into the cytoplasm was
indicated by the effect of stabilization of actin filaments or
myosin-VI overexpression on AGJ vesicle mean velocity
(Figure 5H). Additionally, disruption of actin filaments sig-
nificantly reduced AGJ vesicle mobility (Figure 5I).

Comparable Clathrin-mediated Internalization Processes
Internalization of double-membrane GJ vesicles is an in-
triguing process with similarities to phagocytosis or intra-
cellular pathogen (protozoa, bacteria, or viruses) invasion
and cell-to-cell spreading (Johnson and Huber, 2002; Cossart
et al., 2003; Gruenheid and Finlay, 2003; Rust et al., 2004;
Gouin et al., 2005). AGJ vesicle formation requires active
double-membrane protrusion and/or invagination, neck re-
striction, and double-membrane fission/resealing. How GJ
protrusion/invagination is initiated is currently not known;
however, GJs are internalized primarily into one of two
coupled cells, indicating a highly regulated process. Actin
polymerization has been linked to clathrin-dependent endo-
cytosis, membrane protrusion, and invagination events as
well as to the clathrin-mediated uptake of viruses and bac-
teria into host cells (Bonifacino and Glick, 2004; Ehrlich et al.,
2004; Merrifield, 2004; Rust et al., 2004; Gouin et al., 2005;
Veiga and Cossart, 2005; Yarar et al., 2005), suggesting that
actin polymerization might also be involved in the internal-
ization of GJs. The mechanism for double-membrane fission
also remains unclear. Comparable events of mitochondrial
outer and inner membrane fission and fusion occur in suc-
cession (Meeusen et al., 2004), suggesting that during GJ
vesicle formation the two PMs are also separated succes-
sively. A striking similarity between a recent Listeria uptake
study (Veiga and Cossart, 2005) and our GJ internalization
study is that the clathrin-dependent endocytic machinery is
used in both processes to internalize large structures with-
out recruitment of the classical PM clathrin adaptor AP-2. To
date, no clathrin-adaptor has been implicated in bacteria or
virus internalization; however, based on our results, it is
tempting to speculate that Dab-2 might enable/regulate the
clathrin-mediated internalization of large structures. Whether
myosin-VI is involved in the uptake/translocation of bacteria
or viruses is also not known.

We also found a pronounced colocalization of dynamin
with GJs and AGJ vesicles (Figure 4, I and J), suggesting that
GJ internalization requires dynamin to release the invagi-
nating GJ vesicle from the PM. This is not surprising, be-
cause dynamin has been shown to be involved in the ma-
jority of endocytic processes, including phagocytosis,
caveolae- and clathrin-mediated endocytosis as well as the
cellular entry of Listeria (Gold et al., 1999; Pelkmans et al.,
2002; Conner and Schmid, 2003; Veiga and Cossart, 2005).
Dynamin is known to be recruited to clathrin-coated pits,
and evidence suggests that both actin polymerization and
dynamin contribute to the formation, fission, and mobility of
clathrin-coated vesicles (Conner and Schmid, 2003; Boni-
facino and Glick, 2004; Merrifield, 2004; Yarar et al., 2005).
Our discovery that several key-components of the clathrin-

dependent endocytic machinery are involved in the gener-
ation of large, double-membrane vesicular structures adds
exciting complexity to the dynamic field of endocytosis.
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