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ABSTRACT
The influence of mast cells upon aberrant wound repair and excessive fibrosis has supportive evidence, but the mechanism for these mast cell

activities is unclear. It is proposed that heterocellular gap junction intercellular communication (GJIC) between fibroblasts and mast cells

directs some fibroblast activities. An in vitro model was used employing a rodent derived peritoneal mast cell line (RMC-1) and human dermal

derived fibroblasts. The influence of the expression of the gap junction channel structural protein, connexin 43 (Cx-43) on heterocellular GJIC,

the expression of microtubule b-tubulin and microfilament a smooth muscle actin (SMA) were investigated. The knockdown of Cx-43 by

siRNA in RMC-1 cells completely blocked GJIC between RMC-1 cells. SiRNA knockdown of Cx-43 within fibroblasts only dampened GJIC

between fibroblasts. It appears Cx-43 is the only expressed connexin (Cx) in RMC-1 cells. Fibroblasts express other Cxs that participate in GJIC

between fibroblasts in the absence of Cx-43 expression. Heterocellular GJIC between RMC-1 cells and fibroblasts transformed fibroblasts into

myofibroblasts, expressing a SMA within cytoplasmic stress fibers. The knockdown of Cx-43 in RMC-1 cells increased b-tubulin expression,

but its knockdown in fibroblasts reduced b-tubulin expression. Knocking down the expression of Cx-43 in fibroblasts limited aSMA

expression. Cx-43 participation is critical for heterocellular GJIC between mast cells and fibroblasts, which may herald a novel direction for

controlling fibrosis. J. Cell. Biochem. 112: 1441–1449, 2011. � 2011 Wiley-Liss, Inc.
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G ap junction intercellular communication (GJIC) plays a key

role in numerous biological processes, including wound

repair and fibrosis. During wound closure by reepithelialization,

there is a temporary loss of GJIC between keratinocytes, which is

required for optimizing their migration over the open wound surface

[Mori et al., 2006]. Fibroblasts within wound granulation tissue have

gap junction hemichannels on their surface [Gabbiani et al., 1978].

Gap junctions are intercellular, gated membrane channels which

facilitate the passage of molecules less than 1,000MW between

cells [Kumar and Gilula, 1996]. The trans-membrane channel is

composed of hemichannel structures made up of six connexin (Cx)

proteins embedded within the plasma membrane. The intercellular

channel is made up of half the hemichannel structure contributed

by each coupled cell. The Cx family of proteins has more than

20 members, where connexin 43 (Cx-43) is the most commonly

expressed. GJIC usually occurs between like cells, but can occur

between unlike cells. Hemichannels with Cx-43 are located on the

surface of both mouse mast cells [Vliagoftis et al., 1999] and

fibroblasts. By transmission electron microscopy gap junctions are

visualized between mast cells and fibroblasts in the developing

avian eye [Oliani et al., 1995]. Human mast cells (HMC) make GJIC

with fibroblasts in populated collagen lattices [Moyer et al., 2004].

A relatively ignored cellular player in wound healing is the mast

cell. Although most often studied in the context of allergic and

general inflammatory responses, mast cell involvement in wound

healing and fibrosis has not been commonly investigated, however,

a better understanding of their role in repair may prove to direct new

therapeutic approaches in promoting repair and/or controlling

fibrosis. Mast cells are known to exist in mucous membranes and

connective tissues, including skin [Kube et al., 1998; Kuther et al.,

1998]. The best-known consequence of mast cell activation,

through a variety of stimuli, is their degranulation, where a number

of biological mediators are released into the extracellular space

[Bradding, 1996].

The mast cell appears in all phases of the repair process. In the

lag or inflammatory phase of repair, following injury, a fivefold
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increase in mast cell numbers around the border of the wound is

correlated with the upregulation of monocyte chemoattractant

protein-1 [Trautmann et al., 2000] and TGF-b [Gruber et al., 1994].

Mast cells aid in platelet activation, aggregation, and extravascular

deposition of fibrin by releasing platelet activating factor and IL-1

as well as IL-8 [Mekori and Galli, 1990; Kauhanen et al., 1998].

During the proliferative phase of repair, mast cells influence

fibroblast deposition of the new connective tissue matrix that makes

up granulation tissue. They stimulate chemotaxis, migration,

phenotypic differentiation, and synthetic activities of fibroblasts

through release of substances like histamine [Russel et al., 1977;

Kupietzky and Levi-Schaffer, 1996], fibrogenic cytokines [Kovacs,

1991], proteinases tryptase and chymase [Gruber et al., 1997; Abe

et al., 1998], and growth factors [Bressler et al., 1997; Qu et al.,

1998]. The growth factors FGF and TGF-b, along with mast cell-

released cytokines (IL-1, IL-4, and IL-6), influence fibroblast

phenotype that promotes their transformation into myofibroblasts

[Hebda et al., 1993; Moulin et al., 1998]. Mast cells are involved in

the remodeling phase of repair by promoting maturation of

granulation tissue into scar tissue [Nishikori et al., 1998]. They

are also a common feature of excessive scaring conditions, such as

hypertrophic scar [Kischer and Bailey, 1972]. In the other side of

impaired wound healing, the continually activated chronic deg-

ranulation of mast cell populations has the potential to contribute to

chronic wounds and aberrant scarring [Noli and Miolo, 2001]. A

recent twist to the efficient synergism between mast cells and

fibroblasts is the discovery of the formation of heterocellular GJIC

developing between mast cells and fibroblasts [Moyer et al., 2004].

An established human mast cell line (HMC-1) [Butterfield et al.,

1988] co-cultured with human fibroblasts in collagen lattices

promotes lattice contraction through GJIC [Moyer et al., 2004].

Unfortunately, HMC-1 cells fail to communicate with fibroblasts in

monolayer culture via GJIC [Au et al., 2007]. When fibroblasts in

monolayer culture are co-cultured with a newly established rat mast

cell line, altered fibroblast behavioral and functional changes occur,

involving heterocellular GJIC. The importance of Cx-43 expression

in GJIC between mast cells and fibroblasts is the focus of this study

using an in vitro tissue culture system to investigate the expression

of Cx-43 in fibroblasts and cultured mast cells. The influence of

heterocellular GJIC between these cell types on fibroblast physi-

ology is documented. If specific gap junctional proteins can be

altered in a targeted manner, a potentially new approach for the

therapeutic intervention in modulating aberrant wound healing and

scarring is possible.

RESULTS

GJIC between RMC-1 cells derived from a rat peritoneal cavity mast

cell line grown in monolayer was documented by the scrape loading

technique. RMC-1 cells pretreated with siRNA against Cx-43 showed

impaired GJIC as compared to untreated and control RMC-1 cells.

Cx-43 was expressed in control RMC-1 cells and Cx-43 was suc-

cessfully knocked down in RMC-1 cells, by siRNA treatment

(Fig. 1A). As expected, the majority of Cx-43 expressed in untreated,

control RMC-1 cells was localized on the cell’s plasma membrane

between cells. It was assumed that the staining represents

functioning hemichannel gap junctional complexes (Fig. 1A, left).

With RMC-1 cells immuno-histology investigation of the presence

of other members of the gap junction protein family, Cx-32 and Cx-

26 was negative (data not shown). Treatment of RMC-1 cells with

siRNA directed to Cx-43 effectively eliminated membrane-localized

Cx-43 expression, which represented the potential abolition of GJIC

between RMC-1 cells (Fig. 1A, right). Furthermore, residual native

Cx-43 was noted to be sequestered within the cells’ cytosol,

suggesting that knocking down Cx-43 expression caused a defect in

localization of Cx-43 to the cells’ plasma membrane, and an

accumulation of residual Cx-43 within the cell’s cytoplasm. It

appears that in the absence of new Cx-43 synthesis, a pool of Cx-43

which was not transported to the cell’s surface is retained within the

cytoplasm. A Western blot of cell lysates from siRNA treated RMC-1

cells demonstrated a diminished protein band density for Cx-43

compared to the protein band of untreated control cell lysate

(Fig. 1B). As expected like RMC-1 cells, monolayer cultured fibro-

blasts, reaching confluence on glass cover slips, also showed Cx-43

localized between cells (data not shown). A Western blot of siRNA

treated fibroblast lysates demonstrated a diminished protein band

density for Cx-43 compared to the protein band to untreated control

cell lysate (data not shown). From differences in protein band

densities, it was calculated that siRNA treated fibroblasts had a 70%

reduction in Cx-43 protein levels.

The scrape-loading technique confirmed Cx-43 significance in

GJIC within monolayer cultures of RMC-1 cells and human dermal

fibroblasts. A robust passage of dye via GJIC between untreated

RMC-1 cells was demonstrated (Fig. 2A, left). The calculated

coupling index for control RMC-1 cells was 8.9 (fluorescent green

cells/ fluorescent red cells). Dye passage was absent in siRNA-treated

RMC-1 cells (Fig. 2A, right) with a calculated coupling index of 0.7.

Compared to controls the statistical significant was P> 0.0001 and a

mean difference of 8.2. It supports the notion that GJIC between

RMC-1 cells was dependent on hemichannels with the exclusive

expression of Cx-43 protein. Determining gap junction commu-

nications between human dermal fibroblasts by scrape loading,

presented in Figure 2B, showed a reduction in GJIC between

fibroblasts treated with Cx-43 siRNA. GJIC was largely but, unlike

RMC-1 cells, not completely dependent upon Cx-43 expression.

Note that approximately three rows of cells out from the scrape line

in the control group accumulated dye (Fig. 2B left). The

accumulation of dye in siRNA treated fibroblasts was minimal

(Fig. 2B right). By the scrape loading assay the coupling index for

siRNA-treated fibroblasts was 3.1, while the coupling index for

control fibroblasts was 7.2, that difference was significant with

P> 0.0001 and a mean difference¼ 4.1, which was half of the mean

difference compared to RMC-1 cells. Because of the incomplete loss

of GJIC in Cx-43 siRNA-treated fibroblasts, other members of the Cx

protein family appeared to be involved in generating GJIC between

fibroblasts. By immuno-histology these CRL-2522, human dermal

fibroblasts have Cx-32 (data not shown), which is in agreement with

previous reported findings [Vliagoftis et al., 1999].

In prior studies, the incorporation of HMC-1 cells with human

fibroblasts in co-cultured collagen lattices showed enhancement of

lattice contraction, which was dependent upon heterocellular GJIC
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[Moyer et al., 2004]. However, in monolayer culture HMC-1 cells

failed to form heterocellular gap junctions with fibroblasts [Au et al.,

2007]. Freshly isolated rat peritoneal cavity derived mast cells

formed gap junctions with human dermal fibroblasts in monolayer

culture [Au et al., 2007]. The action of eliminating Cx-43 expression

in RMC-1 cells and their ability to form GJIC with fibroblasts was

studied with RMC-1 cell paratroopers. RMC-1 paratroopers, dye

loaded mast cells, were shown to communicate through GJIC with

human fibroblasts in a Cx-43-dependent manner (Fig. 3). Untreated

(control) RMC-1 paratrooper cells, which are smaller, appearing

fluorescently brighter; passed dye to underlying fibroblasts, which

were larger, spindle shaped cells generating less dye fluorescence

intensity (Fig. 3, left). SiRNA-treated RMC-1 paratroopers, having a

similar morphology with untreated RMC-1 paratroopers, showed

intense fluorescence, but were unable to pass detectable dye to

underlying fibroblasts (Fig. 3, right). Cx-43 siRNA pretreated RMC-1

paratroopers were unable to form heterocellular GJIC with under-

lying fibroblasts, confirming that the absence of Cx-43 expression in

RMC-1 cells prevented the formation of Cx-43 hemichannels

(Fig. 1A).

Next, alterations in the expression of selected proteins within

fibroblasts in the absence of heterocellular GJIC with RMC-1 cells

were investigated. Changes in fibroblast activities in response to

heterocellular GJIC with HMC-1 cells in collagen lattices [Moyer et

al., 2004] suggested changes in protein synthesis within fibroblasts

in response to forming heterocellular GJIC with RMC-1 cells. An

icon of fibrosis is the myofibroblast, identified by the expression of

the a smooth muscle actin (aSMA) isoform of actin within

cytoplasmic stress fibers [Hinz et al., 2007]. Untreated RMC-1 cells

co-cultured with fibroblasts were evaluated for aSMA expression in

fibroblasts by immuno-fluorescent microscopy. RMC-1 cells were

found not to express aSMA. CRL 2522 fibroblasts co-cultured with

untreated RMC-1 cells for 4 h showed 16 out of 44 cells (36%)

expressed aSMA within cytoplasmic stress fibers; but when the co-

culture incubation was continued for an additional 20 h, all

fibroblasts expressed aSMA (100%; Fig. 4, left). It suggested that

Fig. 1. Cx-43 siRNA on its expression in mast cells. Panel (A) shows immune-histology of Cx-43 localization in RMC-1 cells, showing in the control (left) staining limited to

the periphery of the cells, where Cx-43 staining is sequestered in the intercellular space. RMC-1 cells treated with Cx-43 siRNA (right) have Cx-43 localization within the

cytoplasm of some cells. Staining is absent from the cell’s plasma membrane. Panel (B) shows a Western blot of RMC-1 lysate from untreated controls and RMC-1 cells treated

with Cx-43 siRNA for 3 days. Cx-43 was successfully knocked down by siRNA and subsequently recovered and was upregulated following siRNA removal, as measured by percent

change in density from the control (right).
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heterocellular GJIC between fibroblasts and RMC-1 cells promoted

aSMA expression in fibroblasts. At 4 h the co-culture of fibroblasts

with Cx-43-siRNA treated RMC-1 cells showed 14 of 39 fibroblasts

(35%) expressing aSMA, which was identical to controls (Fig. 4,

right). At 24 h the co-culture of fibroblasts with pretreated Cx-43-

siRNA RMC-1 cells showed 12 of 41 cells (29%) expressing aSMA,

demonstrating no significant change in aSMA expression over a

24 h period in the absence of heterocellular GJIC with RMC-1 cells

(Fig. 4, right). Changes in protein synthesis by cultured human

fibroblasts in response to reduction in Cx-43 expression were

Fig. 2. The demonstration of GJIC in RMC-1 mast cells and fibroblasts treated with Cx-43 siRNA. Panel (A) shows scrape injured RMC-1 cells with the scrape line on the lower

left corner panels. On the left (control) LY dye has passed through more than four rows of cells. On the right (treated) the accumulation of dye is limited to the cells in the scrape

injured line. No dye has passed to cells beyond the scrape injury line. Panel (B) shows fibroblasts scrape loading experiments with scrape line on the bottom left of the panels. The

panel on the left of untreated fibroblasts shows many fluorescent fibroblasts far removed from the scrape line that received dye from cells by GJIC. On the right are scrape injured

cells from Cx-43 siRNA treated fibroblasts demonstrating reduced GJIC compared to the control fibroblasts but some dye transfer through GJIC as compared to RMC-1 cells.

Fig. 3. Demonstration of RMC-1 dye loaded paratroopers GJIC with fibroblasts is dependent upon Cx-43 expression. Untreated RMC-1 cells or RMC-1 cells pretreated with

Cx-43 siRNA loaded with Calcein AM (RMC-1 paratroopers) were released by trypsinization and a suspension of these cells added to a confluent monolayer of fibroblasts. On the

left, control, an untreated RMC-1 cell appearing as a brightly stained paratrooper in the upper right of the panel has passed dye to spindle shaped fibroblasts on the left.

A fibroblast coupled to a RMC-1 paratrooper that receives dye can subsequently pass that dye to coupled fibroblast via GJIC. In the same paratrooper experiment RMC-1 cells

pretreated with Cx-43 siRNA prior to dye loading (right) did not pass dye to fibroblasts. Fluorescent dye is only localized in the RMC-1 paratrooper.
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investigated. Cell lysates from confluent human dermal fibroblast

monocultures show increased aSMA synthesis, the hallmark of the

myofibroblast (Fig. 5). When Cx-43 expression was knocked down

by Cx-43-siRNA treatment of human dermal fibroblasts, aSMA

expression was decreased in treated fibroblast lysates (Fig. 5). By

Western blot analysis a 40% reduction in aSMA expression was

calculated in Cx-43-siRNA treated fibroblasts.

The knockdown of Cx-43 produced differing responses in levels

of tubulin, a cytoskeleton structural protein, in fibroblast, and mast

cell microtubules. By immuno-histology the co-culture of untreated

RMC-1 cells with fibroblasts increased the intensity of b-tubulin

expression (Fig. 6A, left). By Western blot analysis the expression

of b-tubulin in fibroblasts and RMC-1 cells in monoculture was

investigated. Treating RMC-1 cells with siRNA increased the

quantity of b-tubulin in cell lysates (Fig. 6B). In contrast, treating

fibroblasts with siRNA decreased b-tubulin quantity in fibroblast

lysates (Fig. 6B). The knockdown of Cx-43 expression decreased

b-tubulin expression in fibroblasts, while increasing expression of

b-tubulin in RMC-1 cells.

DISCUSSION

These results support a role for heterocellular GJIC between

fibroblasts and mast cells for mast cell promotion of fibroblast

pro-fibrotic activities. Here the significance of expressing a specific

Cx protein, Cx-43, was investigated in cultured mast cells and

fibroblasts. It appears that cultured rat mast cells, RMC-1 cells,

contain only Cx-43 as the Cx protein generating hemichannels on

their plasma membrane surface. Therefore, the absence of Cx-43

from RMC-1 cells prevents GJIC between RMC-1 cells as well as

heterocellular GJIC between mast cells and fibroblasts. The effect of

knocking down Cx-43 in fibroblasts was not as robust as knocking

down Cx-43 in RMC-1 cells, which completely blocks GJIC between

cells. There is evidence that this may be related to fibroblasts

capacity to express other Cx such as Cx-32 and Cx-26, which may

compensate for the absence of Cx-43 in GJIC between fibroblasts.

The sequestration of Cx-43 within the cytoplasm of Cx-43-siRNA

knockdown RMC-1 cells suggests that the Cx-43-siRNA was not as

effective in eliminating Cx-43 expression in RMC-1 cells as it was in

human dermal fibroblasts. Another possibility in RMC-1 cells the

translocation of Cx-43 from its site of synthesis to a hemichannel

location on the plasma membrane is impaired, causing an accum-

ulation of Cx-43 in the cytoplasmic compartment. Normally the

turnover of Cx in hemichannels is rapid with a half-life of less than

4 h [Yamaguchi and Ma, 2003; Dbouk et al., 2009]. The expectation

is Cx-43 should be cleared rapidly from Cx-43-siRNA treated cells. It

suggests that the turnover of Cx in RMC-1 cells is different than that

in cultured dermal fibroblasts.

From the synthesis of Cx-43 on ribosomes to its transport to the

cell surface and incorporation into hemichannels, Cx-43 associates

with a variety of proteins including: (1) cytoskeletal proteins like:

tubulin of microtubules, actin of microfilaments, and actin-binding

proteins such as a-spectrin and drebrin; (2) junctional molecules

including adherens junction components such as cadherins,

a-catenin, and b-catenin, as well as tight junction components

Fig. 4. Fibroblast expression of a-smooth muscle actin. RMC-1 cells influence, through GJIC, the expression of aSMA in human fibroblasts. When human dermal fibroblasts

are co-cultured with untreated control RMC-1 cells for 4 h, 16 out of 44 cells express cytoplasmic aSMA (left top). When fibroblasts are co-cultured with RMC-1 cells for 24 h

(bottom left), 31 of 31 control fibroblasts expressed cytoplasmic aSMA. The two panels on the right show the results of the co-culture of Cx-43 siRNA treated RMC-1 cells with

human dermal fibroblasts. At 4 h the co-culture of fibroblasts with Cx-43 siRNA treated RMC-1 cells show 14 of 39 fibroblasts expressing cytoplasmic aSMA (top right). At 24 h

the co-culture of fibroblasts with Cx-43 siRNA treated RMC-1 cells showed 12 of 41 cells expressing cytoplasmic aSMA (bottom right).
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such as ZO-1 and ZO-2; (3) enzymes such as kinases and

phosphatases, which regulate their assembly, function, and

degradation; and (4) other proteins such as caveolin [Noli and

Miolo, 2001]. The sequestration of Cx-43 in fibroblasts to numerous

cytoplasmic proteins may explain the residual accumulation of

Cx-43 within the cytoplasmic compartment of siRNA treated

fibroblasts. The apparent aggregation of cytoplasmic Cx-43 within

Cx-43-siRNA-treated RMC-1 cells warrants further investigation

to determine if pretreated-Cx-43 or newly synthesized malformed

Cx-43 due to siRNA is sequestered in the cytoplasm.

The C-terminal tail of Cx-43 binds directly to tubulin [Plaut et al.,

1989]. The binding of Cx-43 to tubulin directs Cx-43 transport to the

plasma membrane, where it is incorporated into plasma membrane

hemichannels. Gap junction hemichannels also anchor microtu-

bules to the cell membrane. The co-culture of fibroblasts with Cx-43

knockdown RMC-1 cells inhibits b-tubulin expression in fibroblasts,

but the surprising finding was Cx-43-siRNA therapy promotes

tubulin accumulation in mast cells. These differences in tubulin

expression suggest a different mechanism for controlling tubulin

synthesis in fibroblasts compared to mast cells. The relationship

between tubulin expression and Cx-43 synthesis in cultured

fibroblasts and mast cells is unclear.

Published findings report mast cells release multiple cytokines,

chemokines, and growth factors [Wodnar-Filipowicz et al., 1989;

Artuc et al., 2002]. Hemichannels can release small soluble cyto-

plasmic molecules, such as cytokines directly into the extracellular

compartment. Further investigation needs to confirm the presence

or absence of Cx family members other than Cx-43 in RMC-1 cells

and whether these other Cxs generate hemichannels that are

uninvolved in GJIC, but may play a role in the release of small

molecules through hemichannels. The release of small cytosol

soluble molecules from mast cells into the extracellular environ-

ment via hemichannels may be another avenue for influencing

fibroblasts and/or other cells. Mast cells accumulate in excessive

scaring conditions, such as keloids and hypertrophic scar. Kera-

tinocyte growth factors produced and released from mast cells

induce the release angiogenic and matrix remodeling factors

from fibroblasts [Noli and Miolo, 2001]. The details of hemichannel

and release of these factors are currently unclear. If Cx-43 or other

mast cell Cxs are involved in promoting profibrotic fibroblast

activities, then regulating the release of these factors through

induced alterations in mast cell Cxs is a potential therapeutic target

for optimizing normal wound healing and preventing excessive

fibrosis.

Mast cells and fibroblasts are known to participate in most phases

of wound healing and fibrosis, where GJIC interactions are partially

influenced by the expression of Cx-43. In these in vitro experiments,

eliminating Cx-43 expression in RMC-1 cells completely blocked

heterocellular GJIC with fibroblasts. Apparently RMC-1 cells with

Cx-43 knocked down by siRNA therapy do not form heterocellular

GJIC with fibroblasts in culture. It supports the notion that, if this

same knockdown of Cx-43 within mast cells in healing wounds

occurs, then alterations in the repair process may follow. One effect

of GJIC between mast cells and fibroblasts in cell culture is the

upregulation of aSMA and the transformation of fibroblasts

into myofibroblasts. Whether the interactions between fibroblasts

and mast cells through GJIC in granulation tissue influence

the generation of myofibroblasts needs to be investigated.

Here, the knockdown of Cx-43 within RMC-1 cells retards that

transformation. Further studies to elucidate the effect on fibrosis

by blocking the generation of myofibroblasts using Cx-43 siRNA

therapy within granulation tissue of healing wounds in vivo are

warranted.

Another aspect of fibrosis is scar contracture, which is not to be

confused with wound contraction. Scar contracture is the compac-

tion of scar tissue after the completion of wound closure. If a scar

contracture occurs over a joint, then the motility of that joint

is compromised. Preventing scar contractures would be a major

clinical benefit in reducing the time and pain required for the

complete recovery and restoration of normal functions. Cultured

HMC-I cells co-cultured with fibroblasts in collagen lattices

enhances lattice contraction through GJIC [Moyer et al., 2004].

Targeting the elimination of Cx-43 expression within mast cells

in hypertrophic scars may be an approach in preventing scar con-

tractures and eliminating the need for multiple surgical interven-

tions and prolonged physical therapy.

Fig. 5. Western blot showing aSMA expression in fibroblasts. Fibroblasts in

monoculture treated with Cx-43 siRNA for 24 h were compared to untreated

fibroblasts (control). Untreated fibroblasts expressed aSMA. Treating fibro-

blasts for 24 h with Cx-43 siRNA significantly reduced this expression.
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MATERIALS AND METHODS

CELL CULTURES

Human dermal fibroblasts number CRL-2522 derived from human

foreskin were purchased from ATCC. The mast cell line was

developed from isolated Sprague Dawley rat peritoneal cavity fluid

and called RMC-1 cells (manuscript in press in Plast Reconstr Surg).

They grow in Dulbecco’s modification of Eagle’s medium (DMEM)

with 10% bovine serum, where both RMC-1 cells and fibroblasts are

maintained. To create RMC-1 cells the established HMC-1 cells

[Butterfield et al., 1988] were maintained in Iscove’s modification of

Eagle’s medium (Lonza group Ltd, Basel, Switzerland), with 10%

bovine serum. Media collected from HMC-1 changes were pooled,

filter sterilized, and stored. Mast cells were isolated by the technique

of Caulfield et al. [1986]. Briefly a Sprague Dawley rat was

euthanized, a midline abdominal incision made, sterile lavage

solution instilled into the cavity, followed by suction harvesting of

the peritoneal lavage fluid. Cells were collected by centrifugation

and layered onto an Accudenz (Accurate Chemical & Scientific

Group, Westbury, NY) separation gradient of 40%, 26%, and 13%,

which was spun for 1 h. The collected buffy coat was concentrated

by centrifugation and the cells resuspended in growth medium,

composed of 60% spent HMC-1 media and 40% DMEM with 10%

bovine serum, called Growth Medium. Cells were incubated at 37

degrees Celsius with 5% CO2. Lymphocytes, macrophages, and other

cells in the peritoneal lavage fluid did not survive. Surviving mast

cells were sustained for 1 month with 3 weekly media changes of

Growth Medium and at 4 weeks Growth Medium was replaced with

DMEM with 10% bovine serum. The rat RMC-1 cells have remained

viable after more than 40 passages. RMC-1 cells have unique mast

cell characteristics of Stem Cell Factor (SCF), using the C-kit

monoclonal antibody (Santa Cruz Biotechnology, Inc.), on their cell

surface and the proteinase chymase, using monoclonal antibody

(NeoMarker, Fremont, CA), contained in cytoplasmic granules.

siRNA-TREATMENT

To knockdown Cx-43 expression in both fibroblasts and RMC-1

cells, complete DMEM was replaced with 1mM Accell SMART pool

siRNA against Cx-43 (Rat GJA1, NM_012567, Thermo Scientific,

Rockford, IL) in Accell Delivery Media. For control cells, Accell

Delivery Media without siRNA was added to confluent cells in

Fig. 6. RMC-1 cells co-cultured with fibroblasts and b-tubulin expression. RMC-1 paratrooper cells were added to confluent fibroblasts in monolayer culture. Immuno-

histology shows b-tubulin fluorescence in fibroblasts with added control RMC-1 cells (panel A, left) and a decreased amount of b-tubulin in Cx-43 siRNA treated RMC-1 cells

(panel A, right). Western blot illustrating changes in b-tubulin expression from RMC-1 cells and fibroblasts in monoculture are shown in panel B. The two lanes on the left show

b-tubulin expression increased in RMC-1 cells following Cx-43 knockdown by siRNA treatment. In contrast, b-tubulin expression in monocultured fibroblasts, the two right

lanes, show b-tubulin expression was decreased by the knockdown of Cx-43 by siRNA treatment. Percent change in expression from the control group in each cell type, as

measured by densitometry, is shown on the right.
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monolayer. Cells were returned to the incubator for 72 h. At that

time assays could be performed or, alternately, cells could be

maintained in Cx-43-knockdown/control by changing to fresh

Accell Delivery Media with or without siRNA.

SCRAPE LOADING

GJIC between confluent cells (RMC-1 and fibroblasts) was evaluated

by the scrape-loading technique [Moyer et al., 2004]. When RMC-1

cells or fibroblasts in 35-mm dishes approached confluence, their

medium was discarded, the cells were rinsed with phosphate

buffered saline (PBS), and 1.0ml of a dye solution, consisting of

20mg Lucifer yellow (LY) and 5mg rhodamine (Rh)–dextran

(Invitrogen, Carlsbad, CA) in PBS, was added. The cells covered in

the dye solution were scratched with a commercial glasscutter. The

culture dishes were returned to the incubator for 2min. The dye

solution was removed; the cells rinsed with warmed PBS, the cell

layer fixed in buffered 4% paraformaldehyde (PFA), and cells in the

scratched line viewed with a fluorescent microscope. Both LY and

Rh–dextran accumulated within the scrape-injured cells. If a scrape-

injured cell was coupled to a neighboring cell by an open gap

junction channel, LY dye would pass into the uninjured coupled cell.

Dye could continue to pass from coupled cells into other coupled

cells. The Rh–dextran particles were too large to pass through gap

junction channels and they are retained in scrape-injured cells. The

ratio of yellow–green (LY) fluorescent cells to red fluorescent cells

(Rh–Dextran) was reported as the ‘‘coupling index,’’ which was the

ratio of counted green/yellow over red fluorescent stained cells

within 10 randomly selected microscope fields containing scrape

lines in two dishes (total 20 fields from treated and 20 fields from

control RMC-1 cells and fibroblasts. A student’s two-tailed t-test was

performed on the data to determine the mean difference and

significance between treatment groups with a P-value less than 0.05.

MAST CELL PARATROOPERS

Using the method of Goldberg et al. [1995], RMC-1 paratrooper cells

were generated. Briefly, confluent 35mm dishes of Cx-43 siRNA-

treated or untreated control RMC-1 cells had complete DMEM

medium replaced with 1.0ml of 300mM glucose in 30mM HEPES

buffer pH 7.4 (Glucose–HEPES buffer) [Hinz et al., 2007]. The

glucose–HEPES buffer was replaced with 1ml of the same buffer

containing 10mg of Calcein AM (Invitrogen). Calcein AM is a

fluorescent dye that once incorporated into the cell’s cytoplasm

passes dye exclusively between coupled cells via GJIC. The dishes

were incubated for 10min. at 378C, the medium discarded and cells

rinsed three times with complete DMEM to eliminate any residual

Calcein AM dye. The Calcein AM treated cells were suspended by

trypsinization and resuspended in 1ml of DMEM with 10% New

Born Bovine Serum and the cell number determined with a

hemacytometer. The fluorescent tagged RMC-1 cells referred to as

MC-paratroopers were briefly visualized with a fluorescent

stereomicroscope to confirm fluorescent labeling. When a MC-

paratrooper formed gap junctions with another cells, Calcein AM

dye would pass into the coupled cells. MC-paratroopers are easily

distinguished from fibroblasts by their small size, MC-paratroopers

are small, round cells and fibroblasts are large spindle shaped cells.

Suspended MC-paratroopers were pipetted onto a confluent

monolayer of fibroblasts and dye passage into fibroblasts monitored

over time with an inverted fluorescent microscope.

IMMUNO-HISTOLOGY

Media was removed from either RMC-1 cells and fibroblasts

maintained either on glass coverslips or plastic culture dishes. The

cells were fixed with 4% PFA in cytoskeletal stabilizing buffer (CSB;

137mM NaCl, 5mM KCl, 1.1mM Na2HPO4, 0.4mM KH2PO4, 4mM

NaHCO3, 2mM MgCl2, 5.5mM glucose, 2mM EGTA, and 5mM

PIPES in distilled water to pH 6.1), washed, permeabilized with 0.1%

Triton X-100 in CSB, and incubated in primary antibody with a

solution containing 10mg/ml bovine serum albumin in CSB for 1 h

(except for anti-Cx-43, which was incubated at 48C overnight).

Primary antibodies concentrations for immune staining were: 1:100

monoclonal anti-Cx-43 (#3067), anti-Cx-32 (#3069), and anti-Cx-

26 (#8143) (Millipore–Chemicon, Billerca, MA), 1:100 polyclonal

anti-b-tubulin (#2146, Cell Signaling, Danvers, MA), 1:100

monoclonal anti-aSMA (#A5228 Sigma Chemical Co., St. Louis,

MO). After washing, cells were incubated in secondary (1:200

donkey anti-mouse—rhodamine or 1:200 goat anti-rabbit—Alexa)

for 1 h. When necessary, cells were treated with 1:200 Alexa

phalloidin (Invitrogen) to fluorescently stain actin microfilaments.

Cells were washed and then incubated for 5min. with 40,6-
diamidino-2-phenylindole (DAPI) at 2mg/ml, which stains nuclei

fluorescently blue. After the last wash, the cell layer received a drop

of gel mounting media, covered with a glass cover slip, and then

viewed with a fluorescent microscope equipped with a digital CCD

camera.

WESTERN BLOTTING

Proteins were resolved by electrophoresis in precast 4–15% gradient

SDS–PAGE gels and transferred to Immobilon-FL PVDF membranes

(Millipore). Membranes were blocked with milk and incubated

overnight at 48C with 1:1,000 dilution of monoclonal anti-Cx-43

(# C8093; Sigma), polyclonal anti-b-tubulin (Cell Signaling), or

monoclonal anti-aSMA (Sigma) antibodies. Blots were washed and

incubated in either 1:100,000 dilution of goat anti-mouse or goat

anti-rabbit horseradish peroxidase-conjugated secondary antibo-

dies. Bound secondary antibody was detected by SuperSignal West

Pico Chemiluminescent Substrate (Thermo Scientific) and then

visualized by exposing the membrane with blots to X-ray film.

Protein bands were analyzed using Adobe Photoshop to determine

blot intensity for densitometry by selecting the area of each protein

band and recording the intensity of each pixel as a histogram.

Histogram data were quantified based on intensity and band size

(providing a value for absolute intensity). Relative values for each

experimental group were then calculated by comparison of absolute

intensity against that of their control and reported as a percent

change [(experimental� control)/control� 100].
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