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Induction of Connexin43 Messenger RNA in
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The structure and function of blood vessels
depend on the ability of vascular cells to receive
and transduce signals and to communicate with
each other. One means by which vascular cells
have been shown to communicate is via gapjunc-
tions, specificafly connexin43. In atherosclerosis,
the normal physical patterns of communication
are disrupted by the subendothelial infiltration
and accumulation of blood monocytes, which in
turn can differentiate into residentfoam cells. In
thispaper we report that neitherfreshly isolated
human peripheral blood monocytes nor differen-
tiated monocytes/macrophages exhibit func-
tional gap junctional dye transfer in homo-cellu-
lar culture or in co-culture with endothelial cells
or smooth muscle cells. By Northern analysis,
neither freshly isolated blood monocytes nor
pure cultures of differentiated monocyte/
macrophages expressedgapjunction messenger
RNA. However, immunohistochemical staining
followed by in situ hybridization on sections of
human atherosclerotic carotid arteries revealed
strong expression of gap junction connexin43
messenger RNA by macrophagefoam cells. These
results suggest that tissue-specific conditions
present in atherosclerotic arteries induce
expression of connexin43 messenger RNA in
monocyte/macrophages. (Am J Pathol 1993,
142:593-606)

Gap junctions (Gjs) allow the direct exchange of
cytoplasmic molecules between cells via aggre-

gates of interconnecting channels. Each channel is
comprised of a pair of hemichannels or "connexons,"
one each from apposing cells.1'2 Each connexon is
believed to be made of six identical polypeptide sub-
units termed "connexins" (Cxs).3 There are strong
sequence homologies4'5 and a similar membrane
topology6'7 for several of the fully sequenced Cxs, ie,
Cx43, -32, -26, -31, -40, -42, and -45. Different cell
types are known to express different junctional pro-
teins, and related but nonidentical Cxs appear to
have a tissue-specific distribution.4 8 The membrane
topology of a typical Cx consists of a highly con-
served amino terminus, four transmembrane
domains, and two extracellular domains. In contrast,
the cytoplasmic carboxyl terminus and the cytoplas-
mic loop are highly divergent in terms of length and
sequence and may be responsible for differences in
the properties of Gj channels of particular organs or
tissues.8

The exchange of molecules between cells is non-
specific because of the large size of the intercellular
channels formed by the connexon pairs (molecules
up to 1 kd pass through). Ions and small metabolites
in each cell, including nucleotides, sugars, amino
acids, small peptides, and the second messengers
Ca, inositol trisphosphate, and cyclic adenosine
monophosphate have been shown to exchange
via Gjs.8 Physiological factors that regulate Gj
intercellular communication (GJIC) include expres-
sion of the v-src oncogene,9 intracellular Ca` lev-
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els,28 platelet-derived growth factor,810 phorbol
esters,11.12 retinoic acid,8'13 extracellular adenosine
triphosphate,14 hormone stimulation via passage of
second messenger molecules such as cyclic ade-
nosine monophosphate,815 low density lipopro-
tein,16 cigarette smoke condensate,16'17 tissue-spe-
cific extracellular matrix (ECM) components,18 and
intercellular adhesion molecules.16-21 Inhibition or
stimulation of GJIC controls the short-range homeo-
stasis in cell groups or tissues. Dysfunction of this
control mechanism in tumor promotion,16'22 in
embryonic development,23 and in the functions of
differentiated groups of cells in a tissue15 suggests
that GJIC is critically important in the control of cell
proliferation and differentiation. GJIC can be regu-
lated transcriptionally and/or post-transcriptionally at
the levels of 1) message half-life, 2) protein synthe-
sis, or 3) functional assembly of already synthesized
Gj protein.9 In addition, Gjs can be "gated," a mod-
ulation of open and closed states of assembled junc-
tional channels, allowing for rapid control of
GJ IC. 7,24
The presence and distribution of Gj structures

in vascular endothelium have been document-
ed in ultrastructural studies25'26 and functional
studies.2728 Vascular smooth muscle cell/smooth
muscle cell (SMC/SMC) Gjs have been demon-
strated by positive immunohistochemical staining for
Cx43 protein and in dye transfer studies.29 In addi-
tion, heterocellular junctions (endothelial cell (EC)/
SMC; myoendothelial) have been observed.3031
Myoendothelial structures occur in arteries where
cell processes extend through fenestrations in the
internal elastic lamina and, more extensively, in arte-
rioles and postcapillary venules. In culture, ECs,
SMCs, and pericytes engage in homocellular as well
as heterocellular junctional transfer, as evidenced by
transfer of small molecules from an injected cell to its
neighbors.27'32-34 Recent studies have demon-
strated that in vitro both ECs and SMCs express
Cx43 exclusively,32 suggesting a functional mecha-
nism for metabolic/electrical integration of the vessel
wall as well as a mechanism for the transduction of
signals via second messenger molecules.

In atherogenesis, circulating monocytes enter the
arterial wall, where they accumulate as lipid-filled
macrophage foam cells. In this paper, we report that,
although human peripheral blood monocytes or
monocyte/macrophages, unlike ECs and SMCs, do
not express messenger RNA (mRNA) for known Gj
proteins or engage in GJIC in vitro, macrophage
foam cells in human atherosclerotic lesions strongly
express Cx43 mRNA.

Materials and Methods

Hybridization Probes
Both complementary DNA (cDNA) probes and ribo-
probes were generated from the following cDNAs
that had been cloned into transcription vectors. The
cDNA clone (G2A) of rat Cx43 mRNA, isolated and
characterized as described previously,2 corre-
sponded to a 1393-nucleotide probe containing the
amino terminus and coding region of Cx43 cDNA.
The G2A insert was subcloned into the RNA tran-
scription vector Bluescript M13+ (Stratagene, La
Jolla, CA). Radiolabeled antisense and sense ribo-
probes were generated from this clone with T3 and
T7 RNA polymerase (Stratagene), respectively, and
uridine 35S-triphosphate (1000 Ci/mmol; Amersham,
Arlington Heights, IL). Uridine 35S-triphosphate (300
pCi; 12 pmol/l final concentration) was used to label
1 pg of linearized plasmid DNA in the presence of 40
pmol/l unlabeled uridine triphosphate. Specific activ-
'ities were in the range of 2 to 3 x 108 dpm/pg.
Antisense transcripts were generated from the Bam-
Hi-linearized plasmid and sense transcripts from the
Sa/l-linearized plasmid. Transcription reactions were
performed according to the manufacturer's
protocols. The cDNA of Cx32 mRNA was isolated
and characterized by Paul36 and corresponds to a
1494-nucleotide probe containing the amino termi-
nus and complete coding region of Cx32 cDNA and
approximately 613 base pairs of the 3' untranslated
region. This cDNA insert of Cx32 (clone 7A) was
subcloned into the RNA transcription vector pGEM-3
(Promega, Madison, WI). Transcript sizes were con-
firmed by autoradiography of labeled probes on
1.5% agarose gels. Radioactive cDNA probes were
generated by hexanucleotide priming by using
deoxycytidine [35P]triphosphate (3000 Ci/mmol;
Amersham), according to the kit manufacter's direc-
tions (Amersham).

Tissue Sections
Specimens from human carotid endarterectomies
were obtained at the time of surgery, washed briefly
in phosphate-buffered saline (PBS), dissected, posi-
tioned correctly for sectioning, covered in OCT, and
immediately immersed in isopentane and dry ice.
Frozen specimens were stored at -80 C until
sectioning. Frozen tissues were cut with a cryostat
(-20 C) into 6- to 8-pm sections and were collected
on gelatin/chromalum-coated slides. After standing
at room temperature for 5 min, slides were dipped for
20 minutes at room temperature in freshly prepared
4% paraformaldehyde dissolved in PBS, followed by
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sequential dehydration for 2 minutes each in 70%,
95%, and 100% ethanol. Slides were then air-dried
and stored dessicated at -80 C.

Cell Isolation and Culture
Human umbilical vein endothelial cells (HUVEC) and
smooth muscle cells (HUVSM) were isolated28 and
used at passages 1 to 5. HUVEC were plated onto
dishes that had been coated with a 0.1% solution of
gelatin, and the cells were maintained in M199
medium (GIBCO BRL, Grand Island, NY) supple-
mented with 20% fetal bovine serum, 1.0 mmol/l
L-glutamine, 100 units/ml penicillin, 100 pg/ml strep-
tomycin, 100 pg/mI heparin, and 50 pg/mI endothe-
lial cell growth factor (Boehringer Mannheim
Biochemicals, Indianapolis, IN). HUVSM were main-
tained in M199 medium supplemented with 20% fetal
bovine serum, 1.0 mmol/l L-glutamine, 100 units/ml
penicillin, and 100 pg/mI streptomycin.
Human monocytes were obtained by a modifica-

tion of the Recalde method.37 In brief, anticoagu-
lated blood was mixed with Plasmagel and allowed
to settle into a bottom layer containing red cells and
polymorphonuclear cells and a mononuclear leuko-
cyte-rich upper layer. The upper layer was removed,
washed, resuspended in citrated plasma, and made
hypertonic with NaCI, causing the lymphocytes to
become more dense while the monocytes resisted
the density change. Monocytes were then separated
from the heavier lymphocytes by density centrifuga-
tion on Ficoll-Paque, recovered from the interface,
and plated in tissue culture plastic dishes in Dulbec-
co's modified Eagle's medium/20% autologous
serum at 37 C for 30 minutes, after which time mono-

cytes adhered and contaminating nonadherant lym-

phocytes were removed by a brief wash with PBS.
For co-culture experiments, the monocytes (95 to
100% pure) were immediately removed from the tis-
sue culture dishes by a brief washing in calcium- and
magnesium-free PBS, followed by a 5-minute incu-
bation in calcium- and magnesium-free PBS, 5.0
mmol/I ethylenediaminetetraacetic acid (EDTA), pH
7.2 at 37 C, after which all adherent monocytes had
detached. Cells were then pelleted at low speed,
resuspended in Dulbecco's modified Eagle's
medium/20% autologous serum, and plated onto
either HUVEC or HUVSM monolayers. Co-cultures
were maintained in Dulbecco's modified Eagle's
medium/20% autologous serum.

RNA Isolation and Northern Hybridization
Total RNA was isolated from tissue or from confluent
monolayers of HUVEC and HUVSM by homogeniza-

tion in guanidine thiocyanate and isopycnic centrif-
ugation through cesium chloride.38 Purified RNA was
denatured with glyoxal, resolved by electrophoresis
in 1.0% agarose, and then transferred by capillary
blotting to a nylon support (ZetaProbe; Bio-Rad Lab-
oratories, Richmond, CA) for hybridization with radi-
olabeled riboprobes. For hybridization with 32P-la-
beled cDNA probes, blots were prehybridized in
50% formamide, 5x SSPE, 5x Denhardt's solution,
0.1% bovine serum albumin, 1% glycine, 0.6%
sodium dodecyl sulfate (SDS), 100 pg/ml herring
sperm DNA, for 16 hours at 42 C in the same prehy-
bridization solution with the exceptions that 1% gly-
cine was omitted and 5% dextran sulfate and the
labeled probe were added. The blots were washed
three times in 2x standard saline citrate (SSC), 0.2%
SDS, 1 x Denhardt's solution, at room temperature for
15 minutes, followed by two washes in 0.1% SDS at
65 C for 20 minutes before autoradiography was per-
formed at -70 C with an intensifying screen. For
riboprobe hybridization, blots were prehybridized at
65 C for 1 to 2 hours and then hybridized overnight
at the same temperature. Prehybridization and
hybridization solutions were the same (50% forma-
mide, 5x SSC, 50 mmol/l TRIS-HCI, pH 7.5, 0.1%,
w/v, sodium pyrophosphate, 1% SDS, 0.2% polyvi-
nylpyrolidone (Mr 40,000), 0.2% Ficoll (Mr 400,000),
0.5 mmol/l EDTA, 150 pg/ml denatured salmon
sperm DNA), except for the addition of radiolabeled
riboprobe (2.0 x 105 cpm/lane) to the hybridization
solution. All washes were performed at 65 C, ie, two
washes in 2x SSC/0.1% SDS for 15 minutes each,
followed by two washes in 0.1 x SSC/0.1% SDS for
15 minutes each. Blots were dried thoroughly and
autoradiographed with Kodak X-OMAT AR film.

In Situ Hybridization
The protocol for in situ hybridization was based on
that of Higgins and Wilson.39 After tissue fixation,
slides were stored at -80 C for up to 2 weeks. Slide
boxes were allowed to warm to room temperature
before opening. Slides were then removed and rehy-
drated in PBS for 5 minutes at room temperature,
followed by immersion in 50 mmol/l TRIS-HCI (pH
7.6), 5 mmol/l EDTA, containing 50 pg/ml proteinase
K, for 7.5 minutes at 37 C. This was followed by
rinsing of the slides in PBS and immersion in 0.02 N
HCI for 10 minutes at room temperature. After a final
rinse in PBS, the slides were again fixed in 4%
paraformaldehyde for 5 minutes and dehydrated in
graded ethanol solutions containing 0.33 mol/l
sodium acetate. Thirty microliters of prehybridization
mixture containing 50% formamide, 0.3 mol/I NaCI,
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10% dextran sulfate, 1 x Denhardt's solution, 0.2%
SDS, 40 mmol/l dithiothreitol, 250 pg/ml sheared her-
ring sperm DNA, and 250 pg/ml yeast transfer RNA
were applied to each dry tissue section and the
slides were incubated for 2 to 3 hours at 45 C in a
covered container humidified with 50% formamide in
2x SSC.

The hybridization mixture was exactly the same as
the prehybridization mixture except for the addition
of riboprobes. Antisense and sense riboprobes were
diluted to the appropriate concentration in prehybrid-
ization mixture and added to the slides in a volume of
5 pl (final concentration of probe, 0.2 to 0.3 pg/ml
hybridization solution). Slides were then incubated at
45 C overnight, after which they were removed from
the incubator, allowed to drain briefly, immersed in
4x SSC containing 20 mmol/l 2-mercaptoethanol,
and washed in several changes of 4x SSC. They
were then treated with 20 pg/ml RNAse A in 0.5 mol/l
NaCI, 10 mmol/l TRIS-HCI (pH 8.0), 1 mmol/l EDTA,
for 30 minutes at 37 C and were rinsed in the same
buffer for 30 minutes at 37 C, in 2x SSC for 30
minutes at room temperature, and in 0.1 x SSC for 30
minutes at 45 C. After the posthybridization washes,
slides were air dried and apposed to Kodak X-OMAT
AR film for 48 hours to obtain x-ray images. They
were then dipped in Kodak NTB-2 emulsion,
exposed for 10-14 days, developed with D19
(Kodak, Rochester, NY), stained with Harris-modified
hematoxylin (Fisher Diagnostics, Orangeburg, NY),
mounted with Permount, and analyzed by using light
microscopy (Technical Pan film, Kodak).

Specificity of the Cx43 riboprobe used for in situ
hybridization was evaluated by Northern hybridiza-
tion with total RNA isolated from rat heart. As a spec-
ificity control in the in situ hybridization assay, serial
tissue sections were hybridized with 35S-labeled
riboprobes in the sense orientation under the same
hybridization and washing conditions used for the
antisense probes.

Intracellular Injection of Fluorescent Dyes
Lucifer Yellow (LY) dye was injected and GJIC was
assayed as described previously.7 Briefly, LY (Mr
457; Molecular Probes, OR) was dissolved in 0.15
mol/l lithium chloride buffered to pH 7.6 with
0.1 mmol/l 4-(2-hydroxyethyl)-1 -piperazineethane-
sulfonic acid, at a final concentration of 5.0% LY
(w/v), and was filtered through a 0.22-pm nylon mesh
(Centrex disposable microfilter units; Schleicher and
Schuell, Keene, NH). For intracellular injections,
microelectrodes were drawn from Oregon Dot boro-
silicate tubes (o.d., 1.2 mm; AM Systems, Mount

Everett, WA). The electrodes were connected to
electrometers containing active bridge circuits
(Axoclamp 2A; Axon Instruments, Foster City, CA)
and usually had a resistance of 25 to 50 Mfl when
filled with 0.15 mol/l LiCI. For most studies, isolated
pairs or groups of cells with distinct monolayer profile
were selected. Dye was injected by passing a 3- to
10-nA hyperpolarizing (negative) current pulse at 1
Hz for 20 to 30 seconds or 5-nA negative direct
currents for 2 to 5 minutes. Occasionally, dyes would
diffuse passively (probably when an electrode tip
diameter was large). Dye injection and spread were
monitored on a fluorescence microscope (Nikon Dia-
phot, Nikon Instruments) with 100-W mercury arc
lamp illumination, using epifluorescence optics with
appropriate excitation and barrier filters (LY: excita-
tion filter, 485 nm; barrier filter, 520 nm; plus an addi-
tonal KP 560-nm filter; rodamine: excitation filter, 540
nm; barrier filter, 590 nm). The extent of dye spread
was recorded on ultrafast color film (ASA 3200; Kon-
ica USA Inc., Englewood Cliffs, NJ) 5 to 10 seconds
and 3 to 5 minutes after injection.

Loading of Macrophages with Fluorescent
Beads
In order to distinguish human macrophages from
HUVEC or HUVSM in co-cultures, macrophages
were labeled with red-fluorescing Covaspheres
(Covaspheres CX, 1.0-pm diameter; Duke Scientific,
Palo Alto, CA) before being plated onto monolayer
cultures of HUVEC or HUVSM. Briefly, adherent mac-
rophages were incubated with Covaspheres at a
concentration of approximately 2.0 x 108 beads/ml,
in a volume of 2.0 ml, in a 35-mm-diameter tissue
culture dish at 37 C for 2 hours, during which time the
cells internalized the beads. Free beads were then
removed by washing of the macrophages twice with
PBS, and finally the cells were released from the dish
by incubation with calcium- and magnesium-free
PBS, 5.0 mmol/I EDTA, pH 7.2, for 5 minutes at 37 C.
Loaded cells were diluted to 10 ml with PBS and
pelleted by low speed centrifugation. Pelleted cells
were then immediately resuspended in Dulbecco's
modified Eagle's medium/20% autologous serum,
counted, and plated at a ratio of 1:2 (macrophages/
HUVEC or HUVSM) onto subconfluent monolayer
cultures on standard glass coverslips (25-mm diam-
eter; Bellco Glass Inc., Vineland, NJ) placed in tissue
culture wells. Bead-loaded macrophages were co-
cultured for at least 1 hour at 37 C before the cover-
slips were washed to remove unattached cells and
were used in dye injection experiments. Bead-
loaded macrophages were easily identifiable by their
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Figure 1. a: Low powerphotomicrograph of nior-
mal human postmortem carotid artery stainled
o'ith HAM56 Ab (X 250). b: Atherosclerotic
hiiniian carotid artery stainied u'ith HAM56 Ab
(X 250). Both sections nere counterstained uith
bemnatoxyolin.

uptake of approximately three or four beads/cell, as
visualized under a fluorescence microscope.

Immunocytochemisty
Slide boxes containing fixed cryosections were
allowed to warm to room temperature before
opening. Slides were rehydrated for 5 minutes in PBS
at room temperature, followed by treatment with
methanol/3.0% H202 (4:1) in order to destroy endog-
enous peroxidase activity in the arterial tissue. Three
washes (10 minutes each) with PBS/3% bovine
serum albumin preceded incubation with the primary
antibodies (Abs). HAM5640 is characterized as a
monoclonal mouse anti-human macrophage IgM Ab
(1:20 dilution) recognizing an unspecified antigen
(Enzo Diagnostics, Syosset, NY), and HHF3541 is
characterized as a monoclonal mouse antiactin Ab

that recognizes actin isotypes common to all muscle
cells (1:20 dilution) (Enzo Diagnostics). Slides were
incubated with primary Abs for either 30 minutes at
37 C or overnight at 4 C, in a humidified chamber.
After two washes in PBS (10 minutes each), second-
ary horseradish peroxidase-conjugated Abs (1:500
dilution) were reacted with the appropriate slides;
horseradish peroxidase-conjugated affinity-purified
goat anti-mouse IgM (Cappel, West Chester, PA) was
reacted with HAM56 slides and horseradish peroxi-
dase-conjugated goat anti-mouse IgG (H+L) (Pierce,
Rockford, IL) with HHF35 slides. Secondary Abs
were incubated with slides for 30 minutes at room
temperature. The slides were then washed three
times (10 minutes each) in PBS and reacted for 5 to
7 minutes at room temperature with 0.02% H202/0.5
mg/ml diaminobenzidine tetrahydrochloride (DAB)
(Pierce) prepared in 0.05 mol/l TRIS-HCI, pH 7.5.
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Figure 2. a: Bright-fieldphotomicrograph ofatherosclerotic intitnafrom a carotid arterystainied uith HAM56Ab, hvbridized uith a -S-labeled Cx43
antisense riboprobe, and counlterstainied uwith hematoxylin. b: Dark-field photonmicrograph ofsame field as in a. c: Dark-field photomicrograph of
aniother area of the same lesiont as in b btit without prior immonlostainzinig uith HAM 56 Ab. d: Bright-field photomicrograph of anzother area fomn
the same lesion, stainec-d uith HAM56Ab, hbbridized uwith ani -3S-labeled C.G43 senise riboprobe, anid coiunterstaimed uwith hematoxylin. e: Dark-ficeld
photomnicrograph of samefield as in d. f: Dark-fieldphotoin icrograph ofaniotherarea of the same lesion as in d bitt aithout prior inimunostaining
Uath HAM56 Ab fa-f, x 400).
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carotid endarterectomy specimen. The tissue con-
sisted predominantly of intima, containing mostly
macrophages. Immunohistochemical staining with
the macrophage-specific HAM56 Ab revealed the
presence of numerous aggregated macrophage
foam cells surrounded by ECM material (Figure 2a).
Subsequent in situ hybridization of the same section
with a 35S-labeled antisense Cx43 riboprobe
resulted in preferential labeling of macrophages,
observable as localized increased grain densities in
the dark-field photomicrograph (Figure 2b). Adjacent
sections from the same tissue when hybridized with
sense Cx43 riboprobe (Figure 2, d and e) exhibited
low random labeling at a grain density similar to the
background observed in the antisense hybridization.

Because it was essential to first immunochemi-
cally stain and then probe the same tissue section by
in situ hybridization, potential artifacts of this double
procedure were investigated. First, because our sec-
ondary Ab detection system depended upon the
horseradish peroxidase-linked reaction, tissue sec-
tions were pretreated with H202 in order to destroy
macrophage endogenous peroxidase activity. Com-
parison of untreated and pretreated tissue sections
in reaction with the DAB complex alone revealed

Figure 3. Audioradiogram of Northern blot of -5S-labeled sense and some faint staining of the untreated specimens,
antisenise Cx43 riboprobes used in the in situ hybridization
experimenits. Note that both labeled riboprobes are predominantly in which was completely abolished by pretreatment
the form of a full length transcript generated from the Cx43 1.4-kb with H202 Second, nonspecific binding of the ribo-
cDNA.

probe to the DAB complex resulting from the immu-

After staining with DAB, slides were washed twice (3
min) in disctilledt wA/ater at room temneratu ren nnd either

counterstained with hematoxylin followed by dehyra-
tion and mounting or prepared for in situ hybridiza-
tion beginning with the proteinase K treatment.

Results

Cx43 Expression in Macrophage Foam
Cells of Atherosclerotic Carotid Artery
Cryostat sections (6- to 8-pm thickness) of normal
artery obtained at postmortem and atherosclerotic
carotid artery tissue removed during endarterectomy
surgery were stained immunohistochemically to the
identify cell types present. As shown in Figure 1b,
regions of macrophage foam cell accumulation were
clearly distinguished from adjacent SMCs and were Figure4. Left,autoradiogramofNorthernblotoftotalcell'RNA(10pg
associated with dense ECM. By way of comparison ofRNA/lane)from rat liver, human atherosclerotic carotid artery, and

rat heart tissue, hybridized with the 35S-labeled sense Cx43 riboprobe
(Figure 1 a), normal postmortem carotid artery used in the in situ hybridization experiments. Right, autoradiogram of
showed ordered layers of medial SMCs with no similar Northern blot as at left but hybridized with the 35S-labeled

antisense Cx43 riboprobe used in the in situ hybridization
HAM56 Ab staining. Figure 2 shows combined experiments. Note the prominent 3.0-kb signal corresponding to rat
immunohistochemical and in situ hybridization of heart Cx43 mRNA. Human atherosclerotic carotid artery RNA con-

tains a similar band at a position slightly lower than the 3.0-kb
cryostat sections from a representative human position. Arrows, positions of 28 S and 18 S ribosomal RNAs.
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Figure 5. Phase-conitrast (a, c. e, and g) andfluorescence micrographs (b. d, f, and h) of dye injections (LY) inito sinigle cells of honiocelliular and
hererocellidar culftures in vitro, a anid b: DVcy inijected into a singlle cell oj'a hornocellular culttre qf HI 1VSM (a) transfered via G/ to neighboring cells,
as seen by the spread offluorescence in b. c ancd d: Dy-e uiqjected into a siniglce cell aftet preiticiubationi of hbonocelludlar Ill1SitI ciultuire ith phborbol
inmYristate acetatce (1 X 10-7 inolli). an agenit known to inhibit GCIC, is shoun. Note lack ofdetectable trans/tir to acdjacent cells in d anid the presence
oJ7iuo?rescen t niicroelctrrode in a. e and f: Dye ilected inito a single H lEC'passedl to adjacent HI ',' bitt nolott acjccenitinonocyte lniacrophages,
int HIIEVE/niacrophage co-cutltuire (f). Note that the monocyte lnacrophages were prelabeled with fluorescent marker beads (sniiall white beads ini
photographs) ini order to dinstinguish them froni HINT/C in co-cuilttre. Failutre oftransfer i.s particudlarl evident ini the mmiacropbage miiarkecl with the
uhite arrow. g amid h: Dye inijected inito a sinigle hiumai onioiocyte mnacrophacgej.iiled to spread to either other mnacrophages or 1f l'kEC(h) The paired
photonmicrographs ini a anid b. c and d. e anid f, anid g anid h are of the sanie field (x 400).
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A.A

Figure 6. A: Audioradiogram of Northern blot oftotal cell RAA (10 yg
of RAA/lane) hbridized with a 32P-labeled Cx43 cDVA probe. RAA
samples were from rat beart tissue. bhumnan monocite-dertied mlac-
ropbagcs (5 days in tissne culture: see.1Materials and .Metbods) (MIAC-
RO). cuiltorzced HUISMl cultured HUVTC. andfresbil isolated hbman
blood monocy,tes (MIONO) that had niot adbered to any snirface. Rat
heart R.NA sermed as the positiwe CG43 conttrol. B: Atndioradiogram of
A'orthbern blot as in A exceptfor the inclnsion of rat liter CV32 positize
control. Blot B n!as hybridized uith a .2P-labeled Cx32 cDAA probe.
Arrow:s position of the 28 S anid 18 S ribosomnal RAAs.

nohistochemical reaction appeared unlikely,
because in Figure 2e there was no preferential bind-
ing of the sense riboprobe to the DAB reaction

product. However, because this background was

observed with the sense probe (which appears to
have a lower nonspecific background binding to total
cell RNA, and potentially other cell constituents as

well) (see Figure 4) we performed an additional
check for any possible interaction of the DAB com-
plex with the antisense radioactive probe by hybrid-
izing sections that had not been previously
immunostained. As shown in Figure 2c, the pattern of
specific (localized over dark blue cell nuclei) and
nonspecific hybridization of the antisense riboprobe
was identical to that in Figure 2b, where the mac-
rophages had been immunostained. It should also
be noted that the background signal of the sense
riboprobe was similar whether the macrophages
were immunostained (Figure 2e) or unstained (Figure
2f). Furthermore, the integrity of the riboprobes was
evaluated by 1.0% agarose gel electrophoresis (Fig-
ure 3), which revealed one major 1400-nucleotide
(full length) band for both sense and antisense tran-
scription products.

As shown in Figure 4, the antisense riboprobe
specifically hybridized to the 3.0-kilobase (kb) rat
Cx43 mRNA and to an RNA species in human ath-
erosclerotic carotid artery tissue in the same region.
The antisense riboprobe also weakly hybridized to
the 28 S and 18 S ribosomal RNA species, whereas
the sense probe exhibited no nonspecific binding.
The low specificity binding of the antisense probe
would most likely be removed during the in situ
protocol by the RNAse digestion step. In an attempt
to mimic the in situ protocol, we incubated the
hybridized blot with RNase under conditions identi-
cal to the in situ protocol and found that this step
completely removed the weak binding of the anti-
sense probe to the ribosomal RNA on the Northern
blot without affecting the specific binding to the
3.0-kb Cx43 band (data not shown).

Absence in Monocyte/Macrophages in
Vitro of Functional GJIC Present in ECs
and SMCs
Near-confluent homocellular monolayers (3 to 5 days
in culture) of HUVEC and HUVSM were tested for
their ability to carry out Gj-mediated transfer of the
fluorescent dye LY. Single cells were injected, after
which the electrode was removed and GJIC was
determined by the spread of dye to neighboring
cells. Dye transfer to neighboring cells was detected
within seconds after injection (Fig. 5, a and b). Pre-
incubation of HUVSM with phorbol myristate acetate,
a known inhibitor of GJIC, for 30 minutes blocked
dye transfer by closing Gj channels (Figure 5, c and
d).
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GJIC between vascular cells and monocyte/
macrophages was examined in co-cultures of
HUVEC/macrophages and HUVSM/macrophages.
Subconfluent monolayers of HUVEC (2 to 3 days in
culture) were overlaid with pure populations of
human blood monocyte/macrophages that had been
maintained in culture for 2 to 3 days. In order to
distinguish the macrophages in the co-culture, they
were preloaded with red fluorescent Covaspheres
via phagocytosis. Cells were co-cultured for at least
1 hour, followed by two washes with complete
medium to remove nonadherent macrophages. In
time-lapse video recordings of macrophage/
endothelial co-cultures, we have noted that, after an
extended period of macrophage adhesion and
spreading onto a confluent HUVEC monolayer, mac-
rophages moved beneath the monolayer where they
continued complex migratory patterns. Conse-
quently, dye transfer studies were restricted to the
period of attachment and spreading on subconfluent
endothelial monolayers. In a series of heterologous
cell pairs, either a HUVEC or a macrophage was
injected with LY. As shown in Figure 5f, dye injected
into a single HUVEC spread rapidly to adjacent ECs
but was excluded from adherent macrophages in the
co-culture. In a complementary experiment, mac-
rophages were injected with LY. The dye was
retained in the injected cell with no evidence of trans-
fer to adjacent ECs (Figure 5, g and h), demonstrat-
ing the absence of functional Gjs between ECs and
macrophages under our co-culture conditions. Other
macrophages in contact with the injected macro-
phage also failed to take up the dye, demonstrating
that macrophages did not form functional Gjs with
each other. Homocellular cultures of unlabeled mac-
rophages also failed to transfer dye (data not
shown). In co-culture, labeled macrophages with red
fluorescent beads were distinguished unambigu-
ously from macrophages containing LY by the use of
appropriate filters. Thus, in vitro we found no func-
tional evidence suggesting monocyte/macrophage
GJIC with endothelium. However, manipulations of
co-culture conditons such as duration of monocyte/
macrophage interaction with endothelium and acti-
vation of either or both cell types in co-culture may
be required for the development of GJIC involving
monocyte/macrophages. Purified macrophages
failed to show significant binding to HUVSM in co-
culture, a phenomenon that has been noted by
others.42

Vascular Cell Gj mRNA Expression in
Vitro
RNAs isolated from ECs, SMCs, and monocyte/
macrophages were probed with cDNAs for Cx32 and

-43 by Northern blot hybridization to determine
whether the observed lack of GJIC between
monocytes/macrophages and other vascular cell
types was at the level of Cx43 mRNA expression or
perhaps involved a "gating"-type inhibition of dye
transfer. Under high stringency conditions of hybrid-
ization and washing, a single band at 3.0 kb was
observed in RNA from HUVEC or HUVSM and in a
positive control lane containing Cx43-rich RNA from
total rat heart tissue (Figure 6A). The 3.0-kb band,
however, was absent in freshly isolated monocyte
RNA and in differentiated monocyte/macrophage
RNA. A similar blot containing an additional lane of
RNA from rat liver was hybridized with Cx32 cDNA.
The liver RNA lane contained the 1.6-kb band corre-
sponding to Cx32 mRNA; there was no evidence for
Cx32 expression in heart, vascular cells, or
monocyte/macrophages (Figure 6B). The Northern
analyses, therefore, corroborated the results of the
functional co-culture experiments and suggest, but
do not prove, that the observed lack of GJIC
between macrophages and endothelium in our in
vitro system was due to the absence of Gj gene
expression in macrophages. However, it must be
kept in mind that the transcriptional pattern of
monocytes/macrophages in homocellular culture
may not be identical to their transcriptional status
even 1 hour after co-culture with HUVEC (as in our
experiments). Additional in situ analyses of co-cul-
ture models are necessary to study the specific tim-
ing and context of macrophage Gj mRNA induction
in vitro.

Discussion
Individual cells within the arterial wall normally
receive two types of growth-regulating signals from
their environment, 1) growth promoting and 2) growth
inhibiting. In atherosclerotic vessels, intimal thicken-
ing consisting of recently transmigrated blood
monocyte/macrophages and the migration/prolifer-
ation of previously differentiated medial SMCs is a
hallmark of the disease. Whether a cell proliferates,
migrates, or differentiates into a postmitotic state
depends upon the overall combination of signals it is
receiving, the intercellular connections it makes
with surrounding cells, and the contacts it makes
with the specific ECM in which it resides. All of
these factors have been shown to influence
GJIC.10,1518-221 Recent reports in the literature have
documented various chemotactic43-46 and growth-
promoting43'44,47'48 signals present in atheroscle-
rotic lesions that may participate in the in vivo
accumulation, proliferation, and differentiation of
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macrophage foam cells. In this paper, we have
examined intimal macrophages of atherosclerotic
lesions in relation to GJIC, a cellular mechanism
associated with growth control and differentiation.
When human carotid endarterectomy tissues were

analyzed by combined immunohistochemistry and in
situ hybridization on the same cryostat section, the
presence of mRNA homologous to Cx43 was
detected within intimal macrophage foam cells. How-
ever, when blood-derived human monocyte/
macrophages were cultured alone or co-cultured for
1 hour with either HUVEC or HUVSM, they did not
engage in GJIC. Homocellular cultures of either
HUVEC or HUVSM did exhibit GJIC. When Northern
blots of total RNA from freshly isolated human mono-
cytes, differentiated human monocyte-derived mac-
rophages, HUVEC, and HUVSM were hybridized
with cDNA probes for Cx32 or -43, HUVSM and
HUVEC expressed a single 3.0-kb RNA homologous
to Cx43, whereas monocytes or monocyte/
macrophages did not. None of the vascular cells,
monocytes, or monocyte/macrophages expressed
RNA homologous to Cx32. These results suggest
that tissue-specific factors present in the vessel wall
in some way induce Cx43 gene expression in blood-
derived macrophages of atherosclerotic lesions.

Regulation of Gj gene expression among vascular
cells in vitro has been demonstrated by Navab et
al.49 Utilizing a vascular wall model consisting of a
continuous and confluent EC monolayer on top of a
thin layer of ECM over confluent layers of SMCs (with
frequent direct contacts between the ECs and under-
lying SMCs), these authors showed that 1) co-culture
of human arterial ECs and human arterial SMCs (ie.,
co-culture) resulted in levels of Cx43 mRNA that
were 2.7-fold higher than could be accounted for by
the sum of the contributions of the components (ie.,
monolayer cultures of either cell type), 2) a 2-hour
exposure of human monocytes to confluent human
arterial ECs (plated onto a layer of collagen) pro-
duced levels of total Cx43 mRNA that were 3.7-fold
higher than could be accounted for by the contribu-
tion of monocytes (which contained no Cx43 mRNA
in homocellular culture) and human arterial ECs cul-
tured separately, and 3) monocytes plated onto co-
cultures of human arterial SMCs/collagen/
humanarterial ECs resulted in a marked increase in
the induction of Cx43 mRNA to levels 2.8-fold greater
than the combined values for culture of monocytes
and co-culture of ECs and SMCs. These authors did
not test functional GJIC, nor did they determine
which cell types in the co-culture were responsible
for the increase in total Cx43 mRNA. These data
suggest that normal heterotypic interactions of vas-

cular cells (ECs/SMCs) result in a general up-regu-
lation of Cx43 gene expression in the vessel wall
and, more pertinent to this manuscript, that the inter-
action of infiltrating monocytes with aortic tissue fur-
ther stimulates Gj mRNA expression. In view of the
fact that human monocytes cultured alone do not
make Cx43 mRNA, our data are consistent with and
extend the in vitro studies of Navab et al to the arte-
rial wall. Our in situ results demonstrate that, under
conditions of mononuclear leukocyte recruitment
and foam cell formation in atherogenesis, the hetero-
typic cell interactions and perhaps interaction of
migrating leukocytes with specific cytokines and/or
ECM components induce macrophage expression of
Gj mRNA.

In support of our finding that macrophages are
capable of expressing Cx43 mRNA in response to an
appropriate stimulus is the work of Beyer and Stein-
berg,14 who have recently identified Cx43 homology
with a pore in the plasma membrane of mouse peri-
toneal macrophages and of certain lines of J774
macrophages that is opened by extracellular ade-
nosine triphosphate. Under conditions of high strin-
gency, RNA isolated from J774 cells hybridized with
cDNA for Cx43 but not with cDNA for Cxs32, -26, or
-46. J774 lines that did not permeabilize in response
to extracellular adenosine triphosphate did not
hybridize with Cx43 cDNA.
Adherence of blood monocytes to the endo-

thelium at sites of predilection for lesion devel-
opment is the earliest observable cellular event
in atherogenesis. There is extensive in vitro evi-
dence49-52 suggesting that high levels of native low
density lipoprotein or low levels of mildly oxidized low
density lipoprotein play a role in the induction of
specific adhesion proteins on endothelium and, in
vivo, a VCAM-1-like adhesion protein that supports
the adhesion of blood mononuclear cells, but not
polymorphonuclear cells, has been immunohis-
tochemically identified by Cybulsky and Gimbrone53
on atherosclerotic rabbit endothelium. After mono-
cyte adhesion to "dysfunctional" endothelium, the
monocyte migrates into the subendothelial space,
most likely in response to one or more chemotactic
stimuli such as platelet-derived growth factor43,44 or
monocyte chemoattractant protein-1, 45,49,52 and
there undergoes lipid accumulation and proliferation/
differentiation that ultimately results in the foam cell
aggregates characteristic of atherosclerotic lesions.
It will be important to ascertain at what point in this
scenario macrophage Cx43 gene expression is stim-
ulated and what role macrophage GJIC may play at
the different stages of monocyte-to-foam cell differ-
entiation and lesion development.
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In the field of Gj biology there is mounting evi-
dence that an intercellular adhesion event precedes
and may be required for the establishment of func-
tional GJIC between cells.18-21 In this context, the
demonstration of VCAM-1 expression by cytokine-
activated human ECs and by certain tissue mac-
rophages,54 including a variable proportion of those
found in lymph nodes, spleen, thymus, and Kupffer
cells, supports the view that tissue-specific condi-
tions present in atherosclerosis may promote the
expression of this adhesion protein on macrophages
of atherosclerotic lesions. VLA-4, the counter-recep-
tor for VCAM-1, is present only on mononuclear
leukocytes. If lesion macrophages do express
VCAM-1, then VCAM-1NLA-4-mediated aggregates
of accumulating monocyte/macrophages may form
and, in turn, lead to the induction of GJIC among
these cells. Gjs are in general related to the control of
cell proliferation and might be viewed as growth
inhibitory, counteracting the reported mitotic activity
of macrophages and macrophage foam cells in
lesions.55'56

It will now be important to dissect the physiologi-
cal (pathophysiological) conditions leading to
monocyte/macrophage expression of Cx43 by using
a combination of in vitro vascular cell wall models
and in situ techniques applied both to the co-culture
models and to additional in vivo models of macro-
phage accumulation including granulomas and
xanthomas. Such studies may indicate how factors
such as the local cytokine environment, lipid accu-
mulation, and altered ECM may affect the expression
of monocyte/macrophage Gj mRNA in vitro and in
the vascular wall.
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