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hosphorylation of connexin43 (Cx43) on serine368
(S368) has been shown to decrease gap junctional
communication via a reduction in unitary channel

conductance. Examination of phosphoserine368 (pS368)
in normal human skin tissue using a phosphorylation
site–specific antibody showed relatively even distribution
throughout the epidermal layers. However, 24 h after
wounding, but not at 6 or 72 h, pS368 levels were dra-
matically increased in basal keratinocytes and essentially
lost from suprabasal layers adjacent to the wound (i.e.,
within 200 

 

�

 

m of it). Scratch wounding of primary human

P

 

keratinocytes caused a protein kinase C (PKC)-dependent
increase in pS368 in cells adjacent to the scratch, with a
time course similar to that found in the wounds. Kerati-
nocytes at the edge of the scratch also transferred dye
much less efficiently at 24 h, in a manner dependent on
PKC. However, keratinocyte migration to fill the scratch
required early (within 

 

�

 

6 h) gap junctional communication.
Our evidence indicates that PKC-dependent phosphory-
lation of Cx43 at S368 creates dynamic communication
compartments that can temporally and spatially regulate
wound healing.

 

Introduction

 

Gap junctions are tightly packed clusters of intercellular chan-
nels that directly connect the cytoplasms of adjacent cells.
They coordinate cell-to-cell communication within tissues and
allow for the transport of molecules 

 

�

 

1,000 D among cells
such as ions, amino acids, nucleotides, and second messengers
(e.g., Ca

 

2

 

�

 

, cAMP, cGMP, and IP

 

3

 

) (Simon et al., 1998; Saez et
al., 2003). Gap junctions play significant regulatory roles in
embryonic development, electrical coupling, metabolic trans-
port in nonvascularized tissue, apoptosis, differentiation, and
tissue homeostasis (Willecke et al., 2002; Saez et al., 2003).
Dynamic communication compartments created by regulation
of gap junctional communication have been implicated in the
control of wound healing and differentiation (Clark, 1985;
Grinnell, 1992; Gailit and Clark, 1994; Goliger and Paul, 1995;
Martin, 1997; Kretz et al., 2003).

Gap junctions are composed of integral membrane pro-
teins called connexins. There are 

 

�

 

20 connexin gene family
members in humans, many of which have been cloned and
characterized (Willecke et al., 2002; Saez et al., 2003). During
intercellular channel formation, six connexin proteins oligo-
merize into a hexameric hemichannel, or connexon, that traf-
fics to the plasma membrane. One hemichannel docks with a
second, in an opposing cell, to form an intact channel. These
channels can be gated in response to various stimuli, including
changes in voltage, pH, and connexin phosphorylation (Saez et
al., 2003).

Connexin43 (Cx43) is phosphorylated at multiple serine
residues in a variety of cell types (Crow et al., 1990; Musil et
al., 1990; Brissette et al., 1991; Laird et al., 1991; Berthoud et
al., 1992). Phosphorylation of Cx43 can affect trafficking,
assembly, degradation, and channel gating. After treatment with
the PKC activator PMA, Cx43 phosphorylation is increased,
and gap junctional communication is decreased, in several
different cell types (Brissette et al., 1991; Berthoud et al.,
1992, 1993; Reynhout et al., 1992; Lampe, 1994). Phos-
phorylation of Cx43 on serine368 (S368; phosphoserine368
[pS368]) increases upon PMA treatment and throughout the
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cell cycle, and results in a reduction in unitary channel con-
ductance (50 picosiemens channels are favored over 100
picosiemens channels) (Lampe et al., 2000; Solan et al.,
2003).

Expression of connexin genes is tissue specific and al-
though several connexins can be found in skin, Cx43 is the pre-
dominant connexin in human epidermis and in cultures of hu-
man keratinocytes (Fitzgerald et al., 1994; Di et al., 2001).
Keratinocyte proliferation occurs in the basal layer of the epi-
dermis and keratinocytes undergo terminal differentiation as
they migrate through the suprabasal and granular layers to the
skin surface. Connexin proteins are differentially expressed in
skin, with lower expression in the proliferative regions and
higher expression upon differentiation (Risek et al., 1992;
Goliger and Paul, 1994; Salomon et al., 1994; Lampe et al.,
1998; Kretz et al., 2003).

Wounding of the epidermis activates cell migration
across the wound bed, increases proliferation, and promotes
changes in cell-to-cell communication (Clark, 1985; Grinnell,
1992; Gailit and Clark, 1994; Goliger and Paul, 1995; Martin,
1997; Kretz et al., 2003). It has been suggested that gap junc-
tional intercellular communication may regulate certain aspects

of the wound healing process, including initiation/synchroniza-
tion of cellular migration (Goliger and Paul, 1995; Lampe et
al., 1998; Kretz et al., 2003). After wounding, connexin expres-
sion is decreased at the wound edge but enhanced at un-
wounded adjacent areas and upon wound closure when the
cells differentiate (Goliger and Paul, 1995; Saitoh et al., 1997;
Lampe et al., 1998). Cx43 antisense application to wounds ac-
celerated keratinocyte migration and the rate of wound repair,
resulting in less scarring (Qiu et al., 2003). Closure of wounds
was 1 d faster in Cx43-deficient mice (Kretz et al., 2003).
These results indicate that Cx43 regulation plays an important
role in wound repair.

We examined Cx43 phosphorylation on S368 in normal
and wounded human skin tissue. In unwounded skin, basal
keratinocytes, which show the lowest expression of total
Cx43, showed similar levels of staining for pS368 to those
shown by the suprabasal cells. Remarkably, 24 h after wound-
ing, pS368 labeling was dramatically increased but strictly
limited to the basal cells. The levels and distribution of pS368
returned to normal at 72 h. We “scratch wounded” primary
human foreskin keratinocytes (HFKs) to test for changes in
gap junctional communication and delineate the signaling

Figure 1. Immunohistochemistry staining of
normal and wounded human skin collected 6,
24, and 72 h after wounding. Serial sections
of skin tissue collected at 6, 24, and 72 h af-
ter wounding were reacted with antibodies to
either Cx43 or pS368, and their localization
is indicated by brown DAB staining. The rab-
bit primary antibody was omitted from the
staining procedure for a 24-h wound section
as a control (i). Dashed line indicates the
basement membrane border between the
dermis (lower) and epidermis (upper). Dead
cornified cells (uppermost layers) lack Cx43
staining. (c–i) Wound edge is indicated by an
arrowhead. Bars, 50 �m.
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pathways involved. Efficient migration to fill the scratch was
dependent on gap junctional communication within the first
6 h. Scratch wounding increased phosphorylation on S368 at
24 h, and communication at the wound edge was reduced in a
manner dependent on PKC. Thus, this report documents dy-
namic changes in Cx43 phosphorylation at a specific site that
affects intercellular communication during the complex pro-
cess of wound healing in HFKs and in human skin. The ob-
servation that basal cells near the wound edge show a tempo-
rally and spatially regulated change in their communication
properties indicates that restriction of specific signals be-
tween epithelial cells occurs during wound healing.

 

Results

 

Phosphorylation of Cx43 at S368 is 
increased in basal keratinocytes

 

Expression of connexin genes is tissue and species specific. In
mouse epidermis, at least nine different connexins can be ex-
pressed at different levels throughout the skin layers during de-
velopment (for review see Richard, 2000). Although many of
the same proteins are present, the connexin expression pattern
in human epidermis is different. The most abundant connexin
expressed in human epidermis and cultures of human kerati-
nocytes is clearly Cx43 (Fitzgerald et al., 1994; Di et al., 2001).
In human skin, Cx43 is expressed at lower levels in the prolif-
erative basal cell region and at higher levels upon differentia-
tion in the suprabasal layers (Salomon et al., 1994; Lampe et
al., 1998). Immunohistochemistry and differential interference
contrast microscopy (Fig. 1 a) confirmed extensive Cx43 levels
in the suprabasal cells. Basal cells, attached directly to the
basement membrane (Fig. 1 a, dashed line), show only low lev-
els of staining for Cx43.

Several studies have shown that Cx43 is phosphorylated
on multiple different serine residues throughout its life cycle in
homeostatic cells (Crow et al., 1990; Musil et al., 1990; Bris-
sette et al., 1991; Kadle et al., 1991; Laird et al., 1991; Ber-
thoud et al., 1992). Of particular interest, phosphorylation of
Cx43 on S368 increases in response to PMA treatment and
throughout the cell cycle, and results in reduced unitary chan-
nel conductance (Lampe et al., 2000; Solan et al., 2003). Serial
tissue sections were examined by immunohistochemistry using
two antibodies; one that recognized total Cx43 and one that
recognized Cx43 only when it was phosphorylated at S368
(Solan et al., 2003). Basal keratinocytes, which show the low-
est expression of total Cx43, showed the same level of phos-
phorylation at S368 as did more differentiated cell layers (Fig.
1, compare a with b).

 

Phosphorylation of Cx43 at S368 
is limited to basal keratinocytes 
24 h after wounding

 

Total Cx43 levels are diminished in the suprabasal cells near
the wound edge after wounding (Goliger and Paul, 1995; Sai-
toh et al., 1997; Lampe et al., 1998). To determine the temporal
regulation of S368 phosphorylation, we performed immuno-
staining on a time course of human wounds. We investigated

Cx43 and pS368 levels in the wound bed region of wounds that
had healed for 6 (Fig. 1, c and d), 24 (Fig. 1, e and f), and 72 h
(Fig. 1, g and h). 6 h after wounding, little change in the normal
distribution of Cx43 or pS368 antibody staining was observed,
except a reduction in Cx43 levels that occurred in suprabasal
cells within 50 

 

�

 

m of the wound (Fig. 1, c and d). At 24 h, an
extensive reduction in suprabasal Cx43 staining and slight in-
creases in basal cell levels occurred, yielding a more even dis-
tribution up to 300 

 

�

 

m from the wound bed (Fig. 1 e). In con-
trast, the levels of phosphorylation at S368 24 h after wounding
were dramatically increased in basal keratinocytes and essen-
tially absent throughout the rest of the epidermis (Fig. 1 f). This
unique staining pattern extended up to 400 

 

�

 

m from the wound
site, beyond which point pS368 and Cx43 levels normalized to
the unwounded levels. In the magnified inset in Fig.1 f, the
staining is present at interfaces between basal cells and at basal
cell–suprabasal cell interfaces (shown without differential in-
terference contrast optics or the line indicating the basement
membrane). As a control, 24-h wounds were processed without
the mouse or rabbit antibody, and little staining was observed
when either was omitted from the staining procedure (Fig. 1 i,
rabbit control shown). By 72 h after wounding, S368 phosphor-
ylation expression patterns and levels were similar to those in
unwounded skin. Thus, 24-h wounds showed a unique basal
cell staining pattern for Cx43 phosphorylation at S368.

 

Cx43 phosphorylation on S368 in 
primary HFKs

 

Primary HFKs were used to allow examination of gap junc-
tional communication and signaling pathways associated with
the wounding process. To determine whether wounding of
HFKs would affect phosphorylation at S368 consistent with in
vivo wounds, we scratch wounded HFK monolayers with a pi-
pette tip in a manner consistent with previous studies (e.g., Ya-
mada et al., 2000). We performed immunofluorescence to
determine whether changes elicited by scratch wounding par-
alleled those found in the in vivo wounds; i.e., whether
pS368 levels increased near the scratch edge. Fig. 2 shows im-
munofluorescence of total Cx43 (A) and pS368 (B) in kerati-
nocytes 24 h after scratch wounding. Although a reduction in
Cx43 in the differentiating suprabasal cells was observed in
wounds (Fig. 1 f), little change in Cx43 levels was observed
near the scratch (Fig. 2 A), possibly because the cultured cells,
like basal cells, are not differentiated. The ratio of pS368 to
Cx43 signal, most clearly demonstrated in the overlay panel

Figure 2. Changes in Cx43 and pS368 levels 24 h after scratch wounding
HFKs. Immunofluorescence for total Cx43 (A) and pS368 (B) staining and
their colocalization (C). DAPI nuclear staining (blue) is also included in the
overlay. Bar, 50 �m.
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(Fig. 2 C), shows that the relative pS368 levels are highest 1–4
cell diameters from the scratch. Note that the signal for pS368
appears to be plasma membrane–associated and continuous
throughout the cell–cell interfaces, similar to the basal cell
staining in the in situ wounds (Fig. 1 f, inset). The total Cx43
antibody used for this staining has a preference for the Cx43
present in gap junctions (Solan et al., 2003), so the continuous
pS368 staining may represent protein that is not yet assembled
into gap junctions. This possibility would be consistent with
the observation that PKC activation inhibits the formation of
new gap junctions (Lampe, 1994). Further away from the
scratch, most of the pS368 signal overlays with the total Cx43
signal.

Whether the level of pS368 throughout the scratch-
wounded culture was generally elevated is difficult to deter-
mine by immunofluorescence, so we performed a time course
experiment and immunoblotted for pS368 and total Cx43 at 3,
6, 10, 24, 48, and 72 h after the scratch wound (Fig. 3 A). The
phosphorylation level at S368 increased up to 24 h and leveled
at 48 h, after which proliferation and migration completely
closed the scratch wound. The extent of phosphorylation then
decreased, at 72 h, to control levels. Given the immunofluores-
cence results, we would expect that the cells near the scratch
contribute most of the increase in pS368 signal.

We wanted to determine which signaling pathways might
be responsible for phosphorylation at S368, so we scratch
wounded HFKs in the presence and absence of protein kinase
inhibitors and assayed by immunoblot after 24 h. Inhibitors
such as PD98059, Gö6983, chelerythrine, and K252a had little
effect (unpublished data), but some PKC inhibitors were very

effective at reducing the relative level of phosphorylation at
S368. For example, relatively low concentrations of bisindolyl-
maleimide (BIM) and Ro-31-8220 reduced the extent of phos-
phorylation at S368 by 

 

�

 

45% (Fig. 3, B and D), to a level

 

�

 

30% lower than that in the control (unscratched, also har-
vested at 24 h). However, other PKC inhibitors, such as
Gö6976, had less effect. Comparison of the specificity of these
PKC inhibitors can yield clues to the identity of the PKC iso-
forms that phosphorylated Cx43 at S368. BIM and Gö6976
have similar specificities, except Gö6976 has little effect on the
novel PKCs. Of the novel PKCs, both BIM and, especially, Ro-
31-8220 affect primarily PKC

 

�

 

. To determine whether PKC

 

�

 

was capable of phosphorylating Cx43 at S368, we tested
whether the COOH-terminal region of Cx43 (residues 246–
382) was a substrate for PKC

 

�

 

 in vitro. Purified PKC

 

�

 

 and fu-
sion protein were reacted in the presence of lipid vesicles,
ATP, PMA, and Mg

 

2

 

�

 

. After electrophoresis and immunoblot-
ting, detection of total Cx43 and pS368 (Fig. 3 C) showed sig-
nificant pS368 signal in the lane where PKC

 

�

 

 was used to
phosphorylate Cx43. Therefore, the in vitro phosphorylation
and inhibition studies in HFK cultures indicate that PKC

 

�

 

 is
active and capable of phosphorylating S368 in cells.

Gap junctional communication was assayed by microin-
jection of Alexa Fluor 488 (with a molecular weight of 570.5)
in keratinocytes present in 24-h scratch-wounded cultures, to
determine whether phosphorylation at S368 affected the ability
of HFKs to communicate. Examples of injections distant from
and near the scratch edge and of the resulting dye transfer are
shown in Fig. 4 A. In untreated cells (Fig. 4 B, CON), commu-
nication was limited to 

 

�

 

4 cells when dye was injected near
the scratch, compared with 

 

�

 

25 cells in unwounded areas.

Figure 4. Gap junctional communication near and distant from the
scratch wound edge. (A) Phase (top) and Alexa Fluor 488 fluorescence
(bottom) views of dye spread after microinjection (injected cell marked
with arrows) of scratch edge (left and middle) or distant cells (right). Bar,
25 �m. (B) Average number of cells that received dye after microinjection
into untreated (CON) or 200 nM BIM-treated cells at the scratch edge or
distant from the scratch (Internal). Error bars represent standard error of
the mean. (C) The ratio of the number of recipient cells for BIM-treated
cells over control at the scratch edge or distant from the scratch (Internal).

Figure 3. pS368 levels rise relative to total Cx43 in response to scratch
wounding in a manner dependent on PKC activity. (A) Time course after
wounding of the ratio of pS368 to total Cx43, normalized to the zero time
level. (B) pS368/Cx43 levels 24 h after wounding in the presence and
absence of kinase inhibitors, normalized to the control level. Control was
not scrape wounded but was harvested at the same time as the wounded
samples. BIM, bisindolylmaleimide (200 nM); Ro-31, Ro-31-8220 (100
nM); and Gö6976 (100 nM). (A and B) Error bars represent standard error
of the mean. (C) The COOH-terminal region of Cx43 (residues 246–382)
was phosphorylated with PKC� and immunoblotted as described in Materials
and methods. Phosphorylation and total Cx43 were detected with antibod-
ies to pS368 and the COOH-terminal region of Cx43. (D) Representative
immunoblot of the PKC inhibitor data summarized in B. Note that the
migration of the pS368 signal overlays with the fastest migrating species
of Cx43 and there is a higher level of total Cx43 in the control because
cells were not lost during scratch wounding.
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When BIM was added to the scratch-wounded cells, gap junc-
tional communication adjacent to the scratch occurred to 

 

�

 

10
cells (Fig. 4 B) and was 2.4-fold more extensive (Fig. 4 C) than
for the untreated cells injected at the scratch edge. Because
cells injected adjacent to the scratch can only transfer away
from the wound, the dye transfer levels would be expected to
be less than half the level they are in cells that are injected in-
ternal to the wound. Thus, the BIM-treated cells adjacent to the
scratch transferred dye nearly as efficiently as cells distant
from the wound, whereas BIM had little apparent effect on the
extent of dye transfer in cells injected far from the wound. Al-
though Fig. 2 shows low levels of phosphorylation of Cx43 at
S368 in cells distant from the scratch, apparently these levels
are below a threshold level of phosphorylation necessary for
detection of a reduction in gap junctional communication by
dye transfer. Given the high specificity of BIM, these results
indicate that PKC is likely integral to the wound signaling
pathway responsible for the temporal reduction of communica-
tion of keratinocytes adjacent to human wounds.

Because gap junctional communication is known to regu-
late many different cellular processes, phosphorylation at S368
could regulate multiple wound healing processes, including
proliferation, differentiation, and migration. Previous results by
others (Noszczyk and Majewski, 2001; Onuma et al., 2001)
and staining of our wounds (unpublished data) have shown that

proliferation is most extensive 2–7 d after wounding and, thus,
that any link with S368 phosphorylation would likely be indi-
rect. We examined migration of keratinocytes up to 48 h after
scratch wounding in the presence of BIM or a gap junctional
communication inhibitor, carbenoxolone (CBX; Rozental et
al., 2001). 6 h after scratch wounding, essentially no migration
had occurred under all conditions (Fig. 5 A), consistent with
little change in Cx43 expression in the in situ wounds (Fig. 1, c
and d). Treatment of keratinocytes with BIM 2 h before scratch
wounding (BIM-0h) significantly (P 

 

� 

 

0.001) reduced migra-
tion at 24 and 48 h, to 

 

�

 

70% of the control level at the same
time points (Fig. 5 A). If BIM was added 6 h after scratch
wounding (Fig. 5 A, BIM-6h), little difference was observed in
total migration, compared with the control. However, after
48 h, the migration front in BIM-treated cells was noticeably
more irregular than in untreated cells, indicating nonuniform
migration/outgrowth (Fig. 5 B). We quantified this difference
by measuring the length of a line drawn along the front edge of
the leading cells after 48 h of migration, relative to the length
of a line drawn along the front immediately after the scratch
was performed (Fig. 5 B). Cells treated with BIM had average
migration front lengths per millimeter of scratch length of 1.19
(BIM-0h) and 1.30 mm (BIM-6h), and both lengths were sig-
nificantly (Fig. 5 B, P 

 

�

 

 0.0001) longer than in the control
(1.07) or after CBX treatment (1.06), implying a potential role
for PKC regulation in the organization of migration.

Treatment with CBX led to very different results depend-
ing on whether the inhibitor was added 2 h before (CBX-0h) or
6 h after (CBX-6h) scratch wounding (Fig. 5 A). If the inhibitor
was added before scratch wounding (Fig. 5 A, CBX-0h), very
little migration (Fig. 5 B) was observed up to 48 h (signifi-
cantly different from the results for CON, CBX-6h, BIM-0h, or
BIM-6h; Fig. 5 A, P 

 

� 

 

0.0001). However, if the inhibitor was
added 6 h after the scratch, migration was similar to the control
level (Fig. 5 A, compare CON with CBX-6h). These results in-
dicate that migration to fill a scratch wound requires gap junc-
tional communication early after wounding.

 

Discussion

 

We have shown previously that phosphorylation of Cx43 on
S368 reduces unitary channel conductance of gap junction
channels (Lampe et al., 2000; Solan et al., 2003). Here, we re-
port that phosphorylation at S368 is highly regulated during
wound repair. Cx43 phosphorylated on S368 was found to be
evenly distributed throughout unwounded human epidermal
layers. However, a striking change was observed 24 h after
wounding, when pS368 levels were found to be dramatically
increased in basal keratinocytes and essentially lost from su-
prabasal layers adjacent to the wound (i.e., within 300 

 

�

 

m).
The changes in pS368 were temporally regulated, as they were
observed only at 24 h after wounding and were not present in
6- or 72-h wounds. We could mimic activation of keratinocytes
using a scratch wound technique, and we observed increased
phosphorylation of S368 in cells adjacent to the scratch, with a
time course that was similar to that of the in situ wounds, in a
manner dependent on PKC, likely the 

 

�

 

 isoform. These kerati-

Figure 5. Migration of scratch-wounded keratinocytes treated with inhib-
itors of gap junctional communication or PKC. (A) HFKs were either pre-
treated for 2 h with 15 �M carbenoxolone (CBX-0h) or 200 nM bisindolyl-
maleimide (BIM-0h), or untreated (CON), and then were scratch wounded
and incubated for 48 h. In some cases, 15 �M CBX or 200 nM BIM was
added 6 h after scratch wounding to previously untreated cultures (CBX-6h
and BIM-6h, respectively). Error bars represent standard error of the
mean. (B) Relative position of untreated (CON), BIM-treated, or CBX-
treated cells immediately after scratch wounding (0 time) compared with
48 h later. The lengths of the dashed lines indicating the migration fronts
at 48 h were measured and compared with their respective zero time
lengths immediately after scratch wounding. Bar, 100 �m.
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nocytes at the edge of the scratch transferred dye much less ef-
ficiently, in a manner that was dependent on PKC. Further-
more, gap junctional communication within the first 6 h after
scratch wounding was necessary for efficient keratinocyte mi-
gration to close the scratch. Thus, changes in Cx43 phosphory-
lation at S368 were tightly linked, temporally, with changes in
gap junctional communication and keratinocyte migration.

Connexin proteins have distinct expression patterns in
skin, with more expression upon differentiation (Risek et al.,
1992; Goliger and Paul, 1994; Salomon et al., 1994). Similarly,
the high level of S368 phosphorylation in basal cells near the
wound delineates a communication compartment distinct from
suprabasal cells. For example, signals produced by suprabasal
cells that inhibit the initiation of migration or promote differen-
tiation might not be passed to basal cells that are highly phos-
phorylated at S368. The highly specific temporal regulation is
particularly noteworthy, as the only times these signals would
be restricted are at 

 

�

 

24–48 h. Indeed, consistent with feedback
control as observed in many signaling pathways, the levels of
Cx43 and pS368 returned to the unwounded level after 72 h.
Thus, in both the in situ wounds and scratch-wounded HFKs,
phosphorylation at S368 appears to be a transient process that
regulates communication in a time-dependent manner.

The purpose of Cx43 phosphorylation at S368 may also
be to inhibit the ability of basal keratinocytes to communicate
signals that initiate differentiation. Communication of different
growth and differentiation signals by two related connexins
has been shown in the lens, where connexin46 (Cx46) and
connexin50 (Cx50) appear to transmit different signaling mole-
cules (White, 2002). Knockout of either connexin results in
cataracts, but lack of Cx50 also results in reduced ocular
growth that is not relieved by knocking Cx46 into the Cx50
promoter. However, the knockin mouse no longer forms cata-
racts, indicating that Cx50 transmits different growth and dif-
ferentiation signals from those transmitted by Cx46. Given the
change in conductance properties associated with phosphoryla-
tion of Cx43 at S368, we believe that different differentiation/
activation/migration signals may be transmitted by the basal
keratinocytes as compared with the more differentiated layers,
and that this regulation can be highly dynamic, as indicated by
the wound studies.

During wound healing, epidermal cells must undergo
changes in communication, proliferation, differentiation, mi-
gration, and activation (Clark, 1985; Grinnell, 1992; Gailit and
Clark, 1994; Martin, 1997). Dynamic changes occur in the ex-
pression of specific proteins during wound repair. For example,
wounding temporally alters expression of E-cadherin, laminin
5, p16, and integrin 

 

�

 

6

 

�

 

4 in basal keratinocytes at the wound
edge (Stepp et al., 1996; Lampe et al., 1998; Natarajan et al.,
2003). However, the timing and the highly specific compart-
mentalized localization of pS368 in basal cells distinctly point
to specific migration/differentiation roles. Clearly, gap junc-
tional communication that occurs before and after the 24–48-h
window would not be affected by S368 phosphorylation. Thus,
early events such as increased production of laminin 5 and
other activation events could still be signaled/regulated by gap
junctional communication. Indeed, gap junctional communica-

tion before 6 h appears to be critical for migration, consistent
with previous results indicating that cellular migration was in-
hibited in endothelial cells expressing dominant-negative Cx43
(Kwak et al., 2001) and that directionality of movement was re-
duced in Cx43-null neural crest cells (Xu et al., 2001). Further-
more, the reduction in gap junctional communication at 24–48 h
is a change in conductance, not a complete closure (Lampe et
al., 2000). Therefore, the transfer of smaller, more permeable
molecules will not be eliminated by this phosphorylation event.
BIM treatment could then lead to temporally inappropriate
transfer of larger, gap junction–permeant molecules that might
be important in regulating differentiation or coordination of
migration. Alternatively, Cx43 phosphorylation might affect
the interaction of Cx43 with proteins important in migration or
differentiation. Consistent with these ideas, Xu et al. (2001)
suggested that transfer of carboxyfluorescein, a relatively small
dye with a molecular weight of 376.3, may not be a suitable
gauge of the molecules important in neural crest cell motility,
or Cx43-interacting proteins important in regulating motility
might be affected by Cx43 conformational changes—possibly
caused by connexin phosphorylation. In any case, these results
must be viewed with caution because dye transfer can be a poor
predictor of the transfer of biologically important molecules
(Goldberg et al., 2002) and BIM would be expected to have
multiple effects on PKC-activated pathways that could influ-
ence migration and differentiation. For example, BIM pretreat-
ment reduced keratinocyte migration by 

 

�

 

30%, even though
dye transfer increased. Thus, PKC-dependent pathways may
enhance migration independent of Cx43.

A reduction in gap junctional communication several
hours after wounding appears to be important in healing, as is
evidenced by changes in connexin expression near the wound
bed (Clark, 1985; Grinnell, 1992; Gailit and Clark, 1994;
Goliger and Paul, 1995; Martin, 1997). Cx43 expression pat-
terns and response to wounding differ in rodents and humans
(Fitzgerald et al., 1994; Salomon et al., 1994; Goliger and Paul,
1995; Saitoh et al., 1997; Lampe et al., 1998; Richard, 2000; Di
et al., 2001). However, the importance of tight regulation of
gap junctional communication during the wounding process
is evident. Wound closure occurred 1 d earlier (2 vs. 3 d)
in Cx43-deficient mice, compared with wild-type controls
(Kretz et al., 2003). Furthermore, Cx43 antisense application to
wounds accelerated the rate of keratinocyte migration, reduced
inflammation, and increased the rate of wound repair, resulting
in less scarring (Qiu et al., 2003). Multiple signaling pathways
regulate wound repair. Calcium levels play an important role in
the regulation of wounded skin (Lansdown, 2002). Mitogen-
activated protein kinases have been shown to coordinate migra-
tion and proliferation (Sharma et al., 2003). Many reports show
that PKC plays a central regulatory role in wound repair, and
PKC is activated by integrin–extracellular matrix interactions
after wounding (Clark and Brugge, 1995; Wallis et al., 2000).
PKC can phosphorylate Cx43 at S368 (Fig. 3; Lampe et al.,
2000), suggesting that PKC is a key component of the regula-
tory pathway that links the wounding event to changes in inter-
cellular communication. The distinct distribution of pS368 in
basal cells, the transient nature of the phosphorylation event,
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and the resulting change in gap junctional communication and
migration all imply important roles for Cx43 in the regulation
of epidermal cell activation after wounding and a role for gap
junctions in forming a basal cell–specific “communication
compartment” to spatially regulate these processes.

 

Materials and methods

 

Preparation of human skin tissues

 

Simplate II bleeding-time devices (Organon Teknika Corp.) were used to
create uniform incisional wounds (5 mm long and 1 mm deep) on the lat-
eral lower legs of 11 normal male and 3 normal female volunteers. This
human wound model has been described previously in detail (Olerud et
al., 1995). Wounds were harvested by 4-mm punch biopsies at 6, 24,
and 72 h after wounding, using local 1% lidocaine for anesthesia; imme-
diately frozen in O.C.T. (Sakura Finetek); and stored at 

 

�

 

70

 

	

 

C. Volunteers
were recruited using methods approved by the University of Washington
Institutional Review Board.

 

Immunostaining of tissues

 

6-

 

�

 

m cryostat sections of incisional wounds were immunolabeled using in-
direct immunoperoxidase, as described previously (Lampe et al., 1998).
All tissue sections were postfixed in cold acetone and then labeled with
primary antibodies mouse anti-Cx43 (Cx43NTI; described in Goldberg et
al., 2002; Solan et al., 2003) or anti-phospho–connexin 43 Ser368 (Cell
Signaling Technology) at dilutions of 1:1,200 and 1:250, respectively.
We detected signal using biotinylated goat anti–rabbit and biotinylated
horse anti–mouse (Vector Laboratories) at dilutions of 1:400 and 1:200,
respectively, with a streptavidin complex kit (SABC; Vector Laboratories),
0.12% 3, 3

 




 

 diaminobenzidine for the chromogen, and Glycergel (Dako-
Cytomation) as mounting media. All tissue images were viewed with a mi-
croscope (Microphot-SA; Nikon), using brightfield and differential interfer-
ence contrast optics.

 

Cells and cell culture

 

Normal primary HFKs were prepared as described previously (Boyce and
Ham, 1983). Cells were maintained in serum-free keratinocyte growth me-
dium (Clonetics Corp.) containing insulin, epidermal growth factor, hydro-
cortisone, and bovine pituitary extract in a humidified 5% CO

 

2

 

 incuba-
tor at 37

 

	

 

C. To mimic wounding, parallel 90–95% confluent HFK cultures
grown on 60-mm culture dishes were left untreated or were scratch
wounded with a plastic pipette tip. Immunofluorescence was performed as
described previously (Brown et al., 2004), using formaldehyde fixation
and Alexa Fluor 488–labeled goat anti–rabbit and Alexa Fluor 594 goat
anti–mouse (both highly cross-adsorbed; Molecular Probes), on a scanning
confocal microscope (Meta Multi-Photon, LSM 510; Carl Zeiss MicroImag-
ing, Inc.) using Argon (488 nm) and HeNe (543 nm) lasers with a 40

 

�

 

/
1.3 oil objective (Plan Neofluar). For immunoblot analysis, cultures were
consistently “scratched” in a spiral pattern followed by a crosshatch pattern
in the absence (control) or presence of the kinase inhibitors PD98059,
Gö6983, chelerythrine, K252a, BIM, and Ro-31-8220 (all from Calbio-
chem). Cells were washed once with PBS and harvested on ice-cold 1% Tri-
ton X-100 in PBS or 2% SDS sample buffer, both containing 500 

 

�

 

M
Na

 

3

 

VO

 

4

 

, 50 mM NaF, 2 mM PMSF, and 1

 

�

 

 Complete protease inhibitors
(Roche Diagnostics), as performed previously (Solan et al., 2003).

 

Immunoblot detection of Cx43 and pS368 levels

 

Cellular proteins were separated by SDS-PAGE (10% acrylamide). Pro-
teins were transferred to nitrocellulose, the membrane was blocked in 1%
milk in PBS, and Cx43 and pS368 were detected simultaneously on the
same blot using mouse anti-Cx43 (Cx43NT1) at a dilution of 1:5,000 and
rabbit anti-phosphoCx43 S368 at a dilution of 1:1,000, in blocking solu-
tion. Membranes were washed three times with PBS for 15 min per wash,
and primary antibodies were detected using IRDye800–donkey anti–
mouse (Rockland) and goat anti–rabbit Alexa Fluor 680 (Molecular
Probes) secondary antibodies diluted at 1:2,500. The absolute levels of
these antibodies were directly detected by fluorescence using the Odyssey
image analysis system (LI-COR Biotechnology). To determine the ratio of
Cx43 to pS368, fluorescence values were ratioed and then divided by the
zero time for the time course experiment or the control value for the drug
treatment experiment to yield the relative ratio for each time point. The rel-
ative ratios were averaged across experiments and the SEM was calcu-
lated for each time point.

In vitro phosphorylation and detection of pS368 were performed
with the COOH-terminal portion (amino acids 246–382) of Cx43 contain-
ing six NH

 

2

 

-terminal histidine residues (Cooper and Lampe, 2002) and
purified PKC

 

�

 

 (Panvera), according to previously published methods
(Lampe et al., 2000).

 

Microinjection and migration studies

 

HFKs were grown on 60-mm dishes to confluency and, where indicated
(Fig. 4), were either scratch wounded as described above or left un-
wounded, in the presence or absence of 200 nM BIM. Injections were
performed on an inverted microscope (Diaphot, model TE300; Nikon)
with phase and fluorescence optics, using a micromanipulator (Nara-
shigi). Micropipettes were drawn from borosilicate glass capillaries (Kwik-
Fil; World Precision Instruments, Inc.; 1.0-mm OD 

 

�

 

 0.75 mm). 10 mM
Alexa Fluor 488 (570.5 M

 

r

 

) in 0.2 M KCl was injected until the injected
cell was brightly fluorescent, and then the pipette was removed. The num-
ber of cells receiving dye when coupled (i.e., the extent of dye coupling)
was assessed 3 min after microinjection with a cooled digital camera (Mi-
croMax; Princeton Instruments) driven by an attached PC and Metamorph
imaging software. For migration studies, HFKs were grown on 100-mm
dishes and scratch wounded with a cell lifter along marked lines. Specific
areas for measurement were also marked, and digital images were taken
with the inverted microscope (Nikon) immediately after scraping and at 6,
24, and 48 h. Where indicated (Fig. 5), 15 

 

�

 

M CBX (3-hydroxy-11-
oxoolean-12-en-30-oicacid 3-hemisuccinate) or 200 nM BIM was added.
After alignment, images were superimposed and migration distances were
measured. Three random positions per image were measured and at least
20 images were collected per experiment. Results from three separate ex-
periments were compiled by taking the ratio of the distance migrated at 6
and 24 h relative to the distance the untreated cells migrated at 48 h.
Standard error was calculated and results were compared with a two-
tailed, unequal variance 

 

t

 

 test. For measurement of migration front regular-
ity, the length of a line drawn along the front edge of the leading cells af-
ter 48 h of migration was measured relative to the length of a line drawn
immediately after the scratch was performed. These measurements were
compared between BIM-treated and untreated cultures using a two-tailed,
unequal variance 

 

t

 

 test.
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