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SUMMARY

The distribution and function of connexins (integral membrane proteins assembled into gap

junction intercellular communication channels) were studied in human lymphocyte subpopulations.

The expression of mRNA encoding connexins in peripheral blood and tonsil-derived T, B and

natural killer (NK) lymphocytes was examined. Connexin43 (Cx43) mRNA was expressed in

peripheral blood and tonsil lymphocytes, but Cx40 mRNA expression was con®ned to tonsil-

derived T and B lymphocytes; Cx26, Cx32, Cx37 and Cx45 were not detected by reverse

transcription±polymerase chain reaction (RT±PCR). Western blot analysis also demonstrated the

presence of Cx40 and Cx43 proteins in T and B lymphocytes in a manner coincidental to the mRNA

detection. Stimulation in vitro of T and B lymphocytes with phytohaemagglutinin (PHA) and

lipopolysaccharide (LPS), respectively, increased Cx40 and Cx43 protein expression. Flow

cytometric analysis, using antibodies to extracellular loop amino acid sequences of connexins,

con®rmed the surface expression of connexins in all lymphocyte subpopulations. Assembly of

connexins into gap junctions providing direct intercellular channels linking attached lymphocytes

was demonstrated by using a dye transfer technique. The exchange of dye between lymphocytes was

inhibited by a connexin extracellular loop mimetic peptide and a-glycyrrhetinic acid, two reagents

that restrict intercellular communication across gap junctions. Dye coupling occurred between

homologous and heterologous co-cultures of T and B lymphocytes, and was not in¯uenced by their

stimulation with PHA and LPS. The connexin mimetic peptide caused a signi®cant decrease in the in

vitro synthesis of immunoglobulin M (IgM) by T- and B-lymphocyte co-cultured populations in the

presence or absence of stimulation by PHA. The results identify connexins as important cell surface

components that modulate immune processes.

INTRODUCTION

Circulating lymphocytes respond to a broad spectrum of

stimuli. During migration from the blood into tissues,

lymphocytes interact with endothelial cells, a process involving

a range of adhesion molecules, e.g. cadherins, integrins and

selectins located on cell surfaces.1±3 These interactions trigger

signal transduction cascades that allow lymphocytes to proceed

through maturation steps, characterized by the expression of

new molecules implicated in transit across tissues.4,5

Among the main categories of intercellular junctions, gap

junctions comprise an important group of surface specializa-

tions that facilitate, in tissues and organs, cell-to-cell adhesion

and also provide pathways that can allow direct intercellular

communication, with signalling and developmental conse-

quences. Gap junctions are clusters of intercellular channels in

the plasma membrane that allow direct cross-talk between

attached cells. Each channel consists of a pair of interacting

connexon hemichannels, contributed by the co-operating cells.

These connexon hemichannels are assembled from six poly-

peptide subunits, termed connexins.6,7 Connexins comprise a

family of proteins with extensive sequence homology and a

conserved topographic arrangement in the membrane. Con-

nexins traverse the plasma membrane four times with the

amino and carboxyl termini located at the cytoplasmic aspect,

thus generating two `gap' facing extracellular loops and a single
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intracellular loop.8 Connexin proteins are widely distributed,

being found in all tissues and organs except striated muscle. It

is now well established that cells express more than one

connexin type,9 thus making probable the formation of

heteromeric connexons and heterotypic gap junctions. Con-

nexins have short half-lives, and gap junctions are subject to

developmental or pathological changes.10±14

The distribution of connexins in cells of the immune system

has not been explored in detail. Lymphocytes, during

maturation, interact continuously with many other cells that

in¯uence their behaviour.15,16 Peripheral blood mononuclear

cells (PBMC) stimulated in vitro with phytohamagglutinin

(PHA)17 exhibit putative surface junctions and electrophysio-

logical characteristics which suggested that the cells were

capable of communicating directly.18,19 A key advance was the

demonstration that thymic epithelial cells and thymocytes

derived from human and murine thymi communicated via gap

junctions that were constructed from connexin43 (Cx43),20 one

of the most widely distributed proteins in the connexin family.

Gap junctions occur in the lymphoreticular system20±22 and

Cx43 has also been identi®ed in human and mouse bone

marrow preparations,23,24 especially in follicular dendritic cells

within the light zone of germinal centres where lymphocyte

maturation occurs.25 Cx43 was also detected immunocyto-

chemically in follicular dendritic cells of secondary lymphoid

follicles, in the lymphoendothelial network including afferent

lymphatics and sinus lining cells inside organs, and in vascular

endothelium, including the high endothelial venule.26,27

The present work addresses the expression and role of

connexin proteins in puri®ed human lymphocyte subpopula-

tions (T, B and natural killer [NK] lymphocytes). We provide

evidence that human lymphocyte subpopulations express Cx40

and Cx43, and show the presence of intercellular channels

directly linking these cells. The consequences of exposure of

lymphocytes to lipopolysaccharide (LPS) or PHA-L on the

expression levels of Cx43 and Cx40 were explored. Para-

doxically, dye transfer across gap junctions was not signi®-

cantly affected by the stimulation of lymphocytes with PHA-L

and LPS. However, addition of two independent inhibitors of

gap junctional communication blocked dye transfer, especially

when T lymphocytes were participating as dye donor cells in

homotypic and heterotypic cultures of lymphocytes. Finally,

we demonstrate that communication via the gap junction

between lymphocytes will probably play a crucial role in

eliciting an immune response, as the gap junction inhibitors

signi®cantly decreased immunoglobulin synthesis by B lym-

phocytes in the presence of T cells.

MATERIALS AND METHODS

Statistical analysis

Experiments, unless stated otherwise, were performed at least

three times. Differences between the samples were analysed by

using the Student's t-test. A P-value of j0.05 was considered

signi®cant.

Cells

Lymphocytes from heparinized blood of healthy human

donors, and surgically removed tonsils from children with

recurrent tonsillitis, were puri®ed by using Histopaque-10771

(Sigma Chemical Co., St Louis, MO). Cell counting was

performed in a haemocytometer chamber, and viability was

assessed by Trypan Blue staining. Cell suspensions were stained

with antibodies relevant to each lymphocyte subset (see below)

using standard procedures, and sorted on a ¯uorescence-

activated cell sorter (FACS) ¯ow cytometer (FACS-440,

Becton-Dickinson, Oxford, UK). T and B lymphocytes were

also puri®ed using a human T-cell enrichment column (R & D

Systems, Minneapolis, MN) or a human B-cell Accessory kit

(Biotecx Labs, Houston, TX), respectively, according to the

manufacturer's instructions. The purity of isolated cells

prepared by both methods was between 95 and 99%, as

determined by ¯ow cytometric analysis. NK lymphocytes were

sorted by FACS using a mouse anti-human CD56 monoclonal

antibody (mAb) that was ¯uorescein isothiocyanate (FITC)

conjugated. In order to avoid an allogeneic mixed lymphocyte

reaction, lymphocyte cultures were performed only with cells

isolated and puri®ed from the same donor.

Antibodies and peptides

Table 1 gives details of the connexin40 (Cx40) and Cx43

peptide sequences used to generate rabbit antisera for Western

blotting, ¯uorescence microscopy or cell surface staining by

¯ow cytometry analysis. Peptides were conjugated to limpet

haemocyanin or prepared as multiple antigenic peptide (MAP)

derivatives.28,29 A mAb against Cx43 (Chemicon, Temecula,

CA) was also used. The Cx43 antibodies used have been

extensively characterized.30±32

The anti-human lymphocyte cell marker antibodies used

were: mouse anti-CD3 conjugated to FITC; mouse anti-CD19

conjugated to FITC (DAKO, Cambridge, UK); anti-CD4 and

anti-CD8, both FITC conjugated, (DAKO) and mouse anti-

CD56 FITC (Sigma). A mouse immunoglobulin G1 (IgG1)-

FITC conjugate (DAKO) was used as a control. In the af®nity

puri®cation of GAP35 (Cx43), GAP36 (Cx43) and GAP38

Table 1. Peptides/antibodies used for connexin40 (Cx40) and Cx43 protein expression analysis

Peptide

/antibody Cx

Amino

acids Peptide sequence Topographical position

Experimental

use

GAP18 43 1±16 MGDWSALGKLLDKVQAC Intracellular N-terminal tail ELISA

GAP35 43 44±62 AWGDEQSAFRCNTQQPGC Extracellular loop 1 FM, FACS

GAP36 43 191±209 KRDPCPHQVDCFLSRPTEK Extracellular loop 2 FM, FACS

GAP38 40 285±296 NMASQQNTDNLV C terminus FM, WB, FACS

GAP27 43 204±214 SRPTEKTIFII Extracellular loop 2 ELISA

mAbCx43* 43 252±270 GPLSPSKDCGSPKYAYFNG C terminus WB

Cx, connexin; ELISA, enzyme-linked immunosorbent assay; FM, ¯uorescence microscopy; mAb, monclonal antibody; WB, Western blotting.
*Commercial mAb (Chemicon).
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(Cx40) (see Table 1) peptides were used in the af®nity

puri®cation, IgG was prepared from rabbit antisera using a

Protein A±Sepharose column, and af®nity puri®cation then

carried out by elution with a glycine/HCl pH 2.0 buffer from a

column containing the respective peptides coupled to cyanogen

bromide (CnBr)-activated Sepharose CL-4B (Sigma).33 These

antibodies were detected by using an anti-rabbit IgG

conjugated to phycoerythrin (PE) (Sigma) as a secondary

antibody. Another secondary antibody, goat anti-rabbit

Cy3-conjugate (Amersham, Little Chalfont, Bucks, UK) was

used for ¯uorescence microscopy.

RNA extraction and reverse transcription±polymerase chain

reaction (RT±PCR) analysis

RNA was obtained by using the ULTRASPEC2 RNA

isolation system according to the manufacturer's instructions

(Biotecx Labs). First-strand cDNA synthesis was carried out

using 1 mg of total RNA puri®ed from 7r106 T cells, 1r106 B

cells or 0.5r106 NK cells derived from peripheral blood or

from tonsils. Reverse transcription was performed in a 20-ml

®nal volume containing 50 ng of pd(N)6 (Amersham, Phamacia

Biotec, Herts, UK), 0.2 mM of dATP, dCTP, dGTP and dTTP,

and 10 mM dithiothreitol (DTT). Each reaction mix was

incubated for 10 min at 25u with 40 U of rRNasin1 (RNase

inhibitor; Promega, Madison, WI) followed by incubation with

200 U of Moloney murine leukaemia virus reverse transcriptase

(Gibco-BRL, Paisley, UK) for 40 min at 42u followed by 2 min

at 99u. PCR analysis was performed, in a ®nal volume of 50 ml,

by using 2 ml of cDNA solution in a mix containing 0.2 mM

deoxynucleotide triphosphates, 20 pmol of both sense and

antisense oligonucleotide primers according to the connexin

type to be detected, 1.5 mM MgCl2, 1 U of Taq DNA

polymerase (Promega) and 5 ml of 10r Taq DNA polymerase

reaction buffer (500 mM KCl, 100 mM Tris-HCl [pH 9.0], 1%

Triton1-X-100). PCR primer sequences, direction, size and

reaction conditions are shown in Table 2. To eliminate any

possibility of genomic DNA contamination, the PCR ampli-

®cation reaction was carried out on each sample of the RNA

extraction. As another internal contamination control, PCR

ampli®cation was also carried out on a reaction mix sample in

the absence of cDNA.

Sequencing of PCR products

The PCR products from Cx40 and Cx43 cDNA synthesis

reactions were puri®ed using a QIAquick PCR Puri®cation kit

(Qiagen, West Sussex). Each sequencing reaction used 8 ml of

Terminator Ready Reaction Mix, from an ABI Prism

dRhodamine Terminator Cycle Sequencing Ready Reaction

Kit (PE Applied Biosystems, Foster City, CA), 60 ng of PCR

product, 3.2 pmol of the sense or antisense primers and

deionized water up to 20 ml, and overlaid with 40 ml of light

mineral oil. The ampli®cation was carried out on a Perkin-

Elmer Cetus DNA Thermal Cycler (Perkin-Elmer, Norwalk,

CT) using the following programme: 25 cycles commencing

with a rapid thermal ramp to 96u; 96u for 30 seconds; rapid

thermal cycle to 50u; 50u for 15 seconds; rapid thermal cycle to

60u and 60u for 4 min. The reaction products were puri®ed by

ethanol precipitation and analysed in a Perkin-Elmer Applied

Biosystems ABI Prism 377 DNA Sequencer.

In vitro lymphocyte activation

Puri®ed and sorted T lymphocytes (10r106 cells) and B

lymphocytes (5r106 cells) from peripheral blood and tonsils

were incubated for 3, 6, 9, 12, 24 and/or 48 hr with 1 mg/ml of

PHA-L (Boehringer Mannheim, Mannheim, Germany) or

5 mg/ml of LPS (from Escherichia coli, serotype 055:B5; Sigma),

respectively, in RPMI-1640 culture medium (Gibco-BRL)

supplemented with 10% FCS (for LPS stimulation 10% human

Table 2. Reverse transcription±polymerase chain reaction (RT±PCR) analysis for connexin mRNA expression in lymphocyte subpopulations

Name Sequence Direction

Expected

product size PCR conditions for pair of primers

HmCx26Up CCG AAG TTC ATG AAG GGA GAG AT Sense 390 bp 1 cycle: 94u, 4 min

HmCx26Lo GGT CTT TTG GAC TTC CCT GAG CA Antisense 35 cycles: 94u, 1 min; 61u, 1 min; 72u, 1 min

1 cycle: 72u, 8 min

HmCx32Up

HmCx32Lo

CTG CTC TAC CCG GGC TAT GC

CAG GCT GAG CAT CGG TCG CTC TT

Sense

Antisense

386 bp 1 cycle: 94u, 4 min

35 cycles: 94u, 1 min; 60u, 1 min; 72u, 1 min

1 cycle: 72u, 8 min

RatCx37P1

RatCx37P2

GAC TGG GGC TTC CTG GAG AAG

GCC ACC GAG ATC TTG GCC ATC

Sense

Antisense

463 bp 1 cycle: 94u, 4 min

35 cycles: 94u, 1 min; 65u, 1 min; 72u, 1 min

1 cycle: 72u, 8 min

RatCx40P1

RatCx40P2

ATG CAC TGT GCG CAT GCA GGA

CAG GTG GTA GTG TTC AGC CAG

Sense

Antisense

399 bp 1 cycle: 94u, 4 min

35 cycles: 94u, 1 min; 58u, 1 min; 72u, 1 min

1 cycle: 72u, 8 min

HmCx43Up

HmCx43Lo

TAC CAT GCG ACC AGT GGT GCG CT

GAA TTC TGG TTA TCA TCG TCG GGG AA

Sense

Antisense

294 bp 1 cycle: 94u, 4 min

35 cycles: 94u, 1 min; 60u, 1 min; 72u, 1 min

1 cycle: 72u, 8 min

HmCx45Up

HmCx45Lo

CTA TGC AAT GCG CTG GAA ACA ACA

CCC TGA TTT GCT ACT GGC AGT

Sense

Antisense

815 bp 1 cycle: 94u, 4 min

35 cycles: 94u, 1 min; 55u, 1 min; 72u, 1 min

1 cycle: 72u, 8 min
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male AB serum [Sigma] was used), 1r105 U penicillin,

1r105 mg streptomycin, 250 mg/ml of amphotericin B, 25 mM

HEPES and 1 mM L-glutamine (antibiotics and HEPES were

purchased from Gibco-BRL). A control group of lymphocytes

was cultured under the same conditions without PHA-L or

LPS. All treatments were carried out in triplicate.

Western blotting

Cells resuspended in phosphate-buffered saline (PBS: 100 mM

NaCl, 100 mM Na2HPO4/NaH2PO4, pH 7.5) were sedimented

and lysed by vortexing and after resuspension in a pH 7.4

buffer containing 100 mM Tris-HCl, 20 mM EDTA, protease

inhibitors (0.3 mM aprotinin, 130 mM bestatin, 100 mM chymos-

tatin, 1 mM pepstatin [Boehringer Mannheim], 2 mM phenyl-

methylsulphonyl ¯uoride (PMSF; Aldrich, Dorset, UK) and

1% sodium dodecyl sulphate (SDS). The lysates were

centrifuged at 3000 g for 10 min and supernatants were

collected and then mixed with 2r SDS loading buffer. Protein

concentrations were measured using a BioRad Assay kit

(BioRad, Hercules, CA). Equivalent amounts of total protein

were loaded onto 12.5% SDS polyacrylamide gels (SDS±

PAGE). After electrophoresis, proteins were transferred to

nitrocellulose membranes and blocked in 5% (w/v) skimmed

milk, Tris-buffered saline [pH 7.6] containing 0.1% Tween-20

(TBST). Membranes were incubated overnight with GAP38

(Cx40) polyclonal antibody (Table 1) and a Cx43 mAb,

respectively (see Table 1), before washing three times with

TBST. Membranes were incubated with horseradish perox-

idase-conjugated anti-rabbit or anti-mouse IgG (DAKO) for

1 hr at room temperature and then washed three times in

TBST. Antigen±antibody recognition was visualized using

enhanced chemiluminescence (ECL; Amersham). Protein was

measured in each trace using a BioRad GS-700 Imaging

Densitometer controlled by Quantity One software (version

4.0.3) and the amount is expressed in arbitrary units.

Surface staining for ¯uorescence microscopy and ¯ow

cytometric analysis

One million cells (for ¯uorescence microscopy, cells were

previously stimulated in vitro with PHA-L for 3, 6 and 12 hr as

described above) were washed in PBS containing 1% bovine

serum albumin (BSA), 0.02% sodium azide, 10 mM glucose and

2.5 mM EDTA, and stained using mouse anti-CD3-FITC, anti-

CD19-FITC, anti-CD4-FITC, anti-CD8-FITC (DAKO), anti-

CD56-FITC (Sigma) and equal amounts of af®nity-puri®ed

GAP35 and GAP36 antibodies (Table 1). Mouse IgG1-FITC

conjugate was used as an internal control, and it showed no

reactivity with human lymphocytes. After incubation for

30 min at 4u, cells were washed three times in PBS/1% BSA

and then incubated for 30 min at 4u with the mouse anti-rabbit

IgG-PE conjugate (for ¯ow cytometric analysis) or goat anti-

rabbit Cy3 (for ¯uorescence microscopy) as described above.

For ¯ow cytometric analysis, cells were ®xed in 2% formalde-

hyde in PBS. Data were collected using a FACScan analyser

(Becton-Dickinson) and processed using WINMDI software,

version 2.5. For ¯uorescence microscopy, cells were washed

twice with PBS before mounting on slides and visualized using

a Zeiss Axiovert-10 ¯uorescence microscope (Zeiss, Herts,

UK). Controls using preimmune sera did not stain.

Analysis of dye transfer by ¯ow cytometry

A preloading dye transfer method34 was used to assess gap

junction functionality. Lymphocyte subpopulations were

loaded with DiIC18 (1,1k-dioctadecyl-3,3,3k,3k-tetra-methylin-

dodicarbocyanine perchlorate) and Calcein AM (Calcein

acetoxymethyl ester) (Molecular Probes, Eugene, OR) and

then plated with unlabelled cells. DiIC18 is a lipophilic dye that

labels cell membranes and appears red when viewed through

the appropriate ®lters. This dye attaches to the plasma

membrane and is unable to diffuse from cell to cell, thereby

allowing identi®cation of donor cells. Calcein AM (MW 0.955)

is non-¯uorescent, electrically neutral and membrane perme-

able. After uptake into cells, Calcein AM is converted into

calcein by endogenous esterase activity, becoming a ¯uorescent

and negatively charged molecule (MW 0.623, charge x4) that

is unable to diffuse out of the cells across the plasma membrane

but is able to pass between cells via gap junction channels.

Preloaded cells are plated with unlabelled cells and gap

junction communication is measured by ¯ow cytometry as

the amount of calcein diffusing from the preloaded cells to

unlabelled cells after they settle on the plate. The following

procedure was use to label donor cells: lymphocyte subpopula-

tions were dye-loaded for 30 min at 37u with 10 mM DiIC18 and

2.5 mM Calcein AM (dyes were ®rst diluted in PBS containing

1 g/l of glucose from 1 mM stock solutions made in dimethyl-

sulphoxide [DMSO]; dye concentrations were adjusted and

possible dye leakage controlled using FACS analysis) in

RPMI-1640 tissue culture medium supplemented with 10%

fetal calf serum (FCS), 1r105 U penicillin, 1r105 mg strepto-

mycin, 250 mg/ml of amphotericin B, 25 mM HEPES and 1 mM

L-glutamine. The cells were washed three times with PBS, and

seeded in tissue culture multiwell plates (ICN Biomedicals,

Irvine, CA). Unlabelled cells were washed in PBS and then

seeded with the dye-loaded cells at a ratio of 1 : 100

(loaded : non-loaded cells). Separate replicate groups of co-

cultured labelled/unlabelled lymphocytes were cultured in the

presence of PHA-L (1 mg/ml) or LPS (5 mg/ml) added to cells

30 min after seeding. An additional control, using lymphocytes

cultured with the same ®nal concentrations of DMSO used for

the dye preparation, was also included. After incubation for

3 hr, cells in each group were harvested by centrifugation,

washed three times after vortexing vigorously (to disrupt

aggregates) with a solution containing PBS and 10 mM EDTA.

Calcein and DiIC18 ¯uorescence were detected by ¯ow

cytometry as described above. Samples were analysed for

calcein (excitation at 488 nm and emission at 535 nm) and for

DiIC18 (excitation at 488 nm and recorded at 585 nm). Data

from 20 000 cells were acquired from each sample. Results are

expressed as the mean green ¯uorescence intensity (caused by

dye transfer) above an arbitrary value set on negative cells. To

avoid any problems associated with dye leakage, only samples

with a high percentage of cell viability (above 98%) were used in

these experiments. Dead cells were excluded by Trypan Blue

exclusion and by gating based on cellular light scatter. In

experiments to assess the speci®city of dye transfer across gap

junctions, control reactions were carried out by incubation of

cells for 3 hr as described above but in the presence of 150 mM of

18-a-glycyrrhetinic acid35,36 or 300 mg/ml of GAP27 peptide37±

39 and acquired with the same ¯ow cytometric settings.
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In vitro antibody production and ELISA

Human B lymphocytes were cultured with or without puri®ed

T lymphocytes in tissue culture plates at 5r106 cells/well in a

®nal volume of 2 ml of RPMI-1640 tissue culture medium

supplemented with 10% heat-inactivated FCS, 1r105 U

penicillin, 1r105 mg streptomycin, 250 mg/ml of amphotericin

B, 25 mM HEPES and 1 mM L-glutamine. Five dishes contain-

ing co-cultured T and B lymphocytes were stimulated with

PHA-L (10 mg/ml) and ®ve control dishes contained no

mitogen. PHA-L was used to stimulate T lymphocytes and

to evaluate any T-cell-dependent effects on the B-cell function

affected by the gap junction communication blockers. A

further ®ve dishes of puri®ed B lymphocytes were cultured in

parallel in the absence of the mitogen. Supernatants were

collected at 0, 6, 12, 24, 36 and 48 hr and immunoglobulin M

(IgM) was measured by using enzyme-linked immunosorbent

assay (ELISA) as follows. Data were collected up to 48 hr, but

no longer, because cell viability was compromised after longer

exposure under the experimental conditions used. Microtitre

plates were coated overnight at 4u with 3 mg/ml of Protein-L

(ACTIgen, Cambridge, UK), as a capture molecule, in 0.01 M

Na2CO3/NaHCO3 buffer, pH 9.6. After washing with PBS

(pH 7.4), containing 0.05% Tween-20 (PBS-T), plates were

incubated for 2 hr with PBS-T containing 1% BSA at room

temperature. Plates were then incubated with test samples and

duplicate serial dilutions of standard human IgM (Sigma).

After washing twice with PBS-T, plates were incubated for a

further 1 hr at room temperature with a 1 : 5000 dilution of

biotin-conjugated goat anti-human m-chain Fc-speci®c anti-

body (Sigma). Plates were then rewashed with PBS-T and

incubated with a 1 : 10 000 dilution of horseradish peroxidase-

labelled avidin (Sigma) for 1 hr. Plates were washed again with

PBS-T and developed using o-phenylenediamine dihy-

drochloride (OPD) peroxidase substrate (Sigma). The re-

actions were stopped by the addition of 50 ml of 3 M HCl.

Absorbance (A) at 492 nm was determined using a microtitre

plate reader.

RESULTS

Cx40 and Cx43 mRNA expression by human T, B and NK

lymphocytes

Connexin mRNA levels were too low to allow measurement by

Northern blotting and thus RT±PCR was carried out with

cDNA isolated from puri®ed T, B and NK lymphocytes freshly

isolated from peripheral blood or from tonsils. Cx43 cDNA

was ampli®ed from the three cell subpopulations. The expected

294-bp product was also present when the same Cx43 primers

were used to amplify the cloned human full-length cDNA

(Fig. 1a). Cx40 cDNA was ampli®ed from T and B lympho-

cytes puri®ed from tonsils but no ampli®cation was obtained

from T, B or NK lymphocytes puri®ed from peripheral blood

(Fig. 1b). No mRNA encoding Cx26, Cx32, Cx37 and Cx45

was observed (data not shown). The presence of mRNA

encoding Cx40 and Cx43 was corroborated when the ampli®ed

RT±PCR products were sequenced and compared with the

reported human cDNA sequences. A sequence similarity of 98±

99% was found.

Figure 1. Expression of connexin40 (Cx40) and Cx43 in human lymphocyte subpopulations. T, B and natural killer (NK) lymphocytes

from peripheral blood and tonsils were puri®ed and the mRNA was isolated to produce cDNA. (a) Cx43 cDNA was observed in

peripheral blood and tonsil-derived T, B and NK lymphocytes at the expected electrophoretic mobility. (b) Cx40 cDNA was detected

only in T and B lymphocytes isolated from tonsils. In each case, the polymerase chain reaction (PCR) was also carried out on the

corresponding human-cloned Cx40 and Cx43 cDNA, used as a positive control (line C+) showing a band with the same mobility.

Lines C1 and C2 in each panel represent DNA-contamination controls, the ®rst for mRNA isolation and the second for PCR

ampli®cation.
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Cx40 and 43 proteins are expressed by T and B lymphocytes

Analysis of Cx43 expression by Western blotting using freshly

isolated T and B lymphocytes from peripheral blood and

tonsils showed a predominant Cx43 band pattern with the

characteristic electrophoretic mobility as compared with the

positive control band of Cx43 extracted from heart.40

Stimulation of T and B lymphocytes with PHA-L and LPS,

respectively, for 6 or 12 hr, further increased by two- to

fourfold the expression of Cx43 (Fig. 2a). Cx40 was also

detected by Western blotting but, in contrast to Cx43, Cx40

was only detected in T and B lymphocytes prepared from

tonsils. Again, a two- to threefold increase in the expression

of Cx40 bands in a time-dependent manner after in vitro

stimulation of puri®ed lymphocytes, especially with T

lymphocytes, was observed (Fig. 2b).

Surface expression of connexins was studied by ¯ow

cytometric analysis of lymphocytes derived from peripheral

blood and tonsils, using antibodies speci®c to sequences in the

two extracellular loops of Cx43 (Fig. 3). These experiments

showed differences in expression levels of connexins detected at

the external aspect of the plasma membrane of the various

lymphocyte subsets. Expression of connexins was higher in all

the subpopulations isolated from peripheral blood (Fig. 3a) as

compared with cells derived from tonsils (Fig. 3b). In view of

similarities in the extracellular loop sequences of Cx40 and

Cx43,6,7,9 the antibodies employed are unlikely to distinguish

between the connexins. We also examined, by ¯ow cytometry,

changes induced by mitogens in connexin surface expression on

T CD4+ helper and CD8+ cytotoxic phenotypes (Fig. 4a, 4b),

and B cells (Fig. 4c). Connexin expression increased after 6 hr in

all the subpopulations but to a greater extent in B cells.

Stimulation with PHA-L increased the expression level of

Figure 2. Western blot analysis of connexin40 (Cx40) (a) and Cx43 (b) protein expression in human T and B lymphocytes isolated

from tonsils. T and B lymphocytes were stimulated in vitro with phytohaemagglutinin-L (PHA-L) and lipopolysaccharide (LPS),

respectively, for 6 and 12 hr, as described in the Materials and methods, and the results were compared with non-stimulated cells.

Connexins were detected using a monoclonal antibody (mAb) against Cx43 and GAP38 af®nity-puri®ed antipeptide antibody raised

against the carboxyl terminal tail of Cx40 (Table 1). Line C+ in panel (a) is a heart tissue extract used as a positive control. Line C+ in

panel (b) is a human Cx40 sample obtained by in vitro transcription/translation. Approximately 100 mg of protein extract was applied

to each lane. The bar charts represent the amount of protein measured in each trace by using densitometric analysis and values are

expressed in arbitrary units.
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connexin between 6 and 12 hr in CD4+ and B lymphocytes but

had no effect on the level of connexin expressed by CD8+ cells.

Binding speci®city of GAP35/GAP36 antibodies to cells

was veri®ed by peptide-competition experiments. The number

of connexin-positive cells was considerably reduced in the

presence of 100 mg/ml of each GAP35/36 peptide, and was

almost abolished by using 300 mg/ml of each GAP35/36 peptide

(data not shown).

Fluorescence microscopy was also used to study the

presence and distribution of gap junction proteins on

lymphocyte cell surfaces. Using non-permeabilized cells,

connexins on cell surfaces were studied using the af®nity-

puri®ed antibodies generated to the extracellular loop of the

protein described above. Characteristic punctate staining was

evident around the periphery of the cells, with more intense

staining at sites of intercellular contact (Fig. 5). Connexin

immunoreactivity was more extensively distributed in CD3-

and CD19-stained cells than in CD56-reactive cells. In spite of

the extensive co-localization of connexins and CD markers,

some variability in connexin immunoreactivity was noted. A

comparison of homotypic and heterotypic cultures of puri®ed

T and B lymphocytes stimulated with PHA-L and LPS,

respectively, for 3±12 hr, showed that ¯uorescence staining for

connexin increased in heterocellular cultures of lymphocytes

stimulated for more than 6 hr (data not shown).

Functionality of lymphocyte gap junctions

Dye transfer between lymphocytes was evaluated by ¯ow

cytometry using different combinations of loaded to unloaded

cells (TpT cells, TpB cells, BpT cells, BpB cells).

Intercellular calcein transfer occurred in all lymphocyte

subpopulation combinations. Several kinetic experiments (data

not shown) demonstrated that dye transfer between lympho-

cytes, under the experimental conditions used, peaked at 3 hr

and remained constant after that period of time. No signi®cant

difference in the extent of dye transfer and directionality

between the groups of co-cultured cells was observed

(Fig. 6c, 6d, 6e, 6f). The speci®city of the dye transfer between

lymphocytes was examined using two established and inde-

pendent inhibitors of gap junctional communication. An

extracellular connexin mimetic peptide (GAP27) blocked

communication in both homotypic and heterotypic co-cultures

(Fig. 6g, 6h, 6i, 6j, and Fig. 7). Similar results were also

obtained using a-glycyrrhetinic acid but, with this inhibitor,

the effect was more dramatic when T lymphocytes acted as dye

donor cells (Fig. 6k, 6l, 6m, 6n, and Fig. 7). Dye transfer in each

of the combinations of T- and B-cell populations (see above)

was drastically reduced by the two gap junction communica-

tion inhibitors (Fig. 7).

Using the same co-culture conditions, we also assessed, by

¯ow cytometry, the in vitro effect of PHA-L and LPS on dye

transfer (Fig. 7). No signi®cant differences in the extent of dye

transfer were noted among unstimulated and cells stimulated

with PHA-L and LPS under the conditions described above, a

result that contrasted with the effects of these reagents on the

endogenous synthesis of Cx43.

Effects of gap junction inhibitors on the production of IgM by

T- and B-lymphocyte co-cultured populations

Co-cultured T- and B-lymphocyte populations producing IgM

over 48 hr were treated with the two inhibitors of gap junction

communication described above. Figure 8(a) shows that cells

incubated in the presence of GAP27, the extracellular connexin

mimetic peptide or a-glycyrrhetinic acid,38,41 decreased IgM

production by < 30%. Mixed subsets of lymphocytes stimu-

lated with PHA-L increased IgM production, and an < twofold

increase in inhibition relative to non-stimulated cells was

observed in the presence of GAP27 connexin mimetic peptide

Figure 3. Expression of connexin proteins on lymphocyte subsets in blood and tonsils compartments assessed by ¯ow cytometry

analysis. For detection of connexins on the different lymphocyte subsets, lymphocytes were labelled as described in the Materials and

methods. Surface expression of connexin was detected in T (CD3+), B (CD19+) and natural killer (NK) (CD56+) lymphocytes

derived from peripheral blood (a) and tonsils (b). Solid curves represent isotype control while open curves represent speci®c staining.
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or a-glycyrrhetinic acid (Fig. 8b). In control experiments, two

intracellular connexin peptides, which had no effects on gap

junctional communication,38 were without effect on IgM

production (Fig. 8c). The GAP27 connexin mimetic peptide

showed little effect on IgM production by puri®ed B

lymphocytes (Fig. 8d). a-Glycyrrhetinic acid showed some

inhibition, although this was lower than observed in mixed-cell

populations.

DISCUSSION

The present studies describe the distribution of connexins in the

major human lymphocyte subpopulations and identify new

roles for these surface proteins that, when assembled into gap

junctions, facilitate intercellular adhesion and communication

during the immune response. We demonstrated mRNA

encoding Cx43 in systemic and tonsil-derived T, B and NK

lymphocytes and showed that protein expression occurred in T

and B lymphocytes. Lymphocytes stimulated with the mitogens

PHA and LPS up-regulated the expression of connexins.

However, it appears that connexin expression is differentially

regulated in the peripheral blood and secondary lymphoid

tissue because, in the latter, Cx40 was also expressed. It is

concluded that the connexins detected were assembled into

connexon hemichannels and gap junctions that provide

pathways for the dye transfer demonstrated to occur between

lymphocytes. However, the extent of intercellular dye transfer

was not in¯uenced by PHA-L and LPS stimulation under the

experimental conditions used, although the same mitogens

increased the overall amount of connexins expressed.

Direct communication between lymphocytes was ®rst

shown by electrophysiological measurements and metabolic

co-operation studies in PHA-stimulated peripheral blood

mononuclear cells.17,42 Subsequently, several reports pointed

to the existence of gap junction communication in primary

and secondary lymphoid tissues,20,23,25,43,44 and gap junction

plaques were detected by conventional and freeze-fracture

electron microscopy, especially when mitogen-stimulated

lymphocytes were used.20,22,25,44 A role for gap junctional

intercellular communication during in¯ammation, and its

regulation by proin¯ammatory mediators, has been pro-

posed.45±47 All these observations indicate that cell-to-cell

contact, direct communication and co-operation may play a

mandatory role in lymphocyte biology.

Analysis of lymphocyte subsets indicated that Cx43 protein

expression at the plasma membrane level was higher in T, B

and NK lymphocytes puri®ed from the systemic circulation

than from cells obtained from secondary lymphoid tissue

although, as described above, Cx40 expression was only

detected in lymphocytes isolated from tonsils. This differential

regulation of connexin expression may be one of the

consequences of the microenvironment, because gap junction

communication between contacting cells is regulated by cell

density and proliferation.48 Heterotypic gap junction channels

constructed from Cx43 and Cx40 are non-functional, as

demonstrated in Xenopus oocytes and HeLa cells.9 However,

the formation of heterotypic channels by these two connexins

has recently been demonstrated in smooth muscle cells, with

unique gating and conductance properties raising further

physiological possibilities for information exchange across

such channels.49

T and B lymphocytes up-regulated the in vitro expression of

Cx40 and Cx43 proteins in a time-dependent manner when

stimulated with PHA-L and LPS, respectively, a procedure

known to promote mitosis as well as the increased exchange of

metabolites between cells.42 Western blot analysis showed that

the increase in Cx43 protein expression was mainly as the

phosphorylated isoforms and therefore progressive changes in

Cx43 expression and phosphorylation may be related to the

in vitro activity of these mitogens, as described for other

proteins.50±54

Up-regulation by mitogens of connexin protein synthesis in

whole-cell extracts may not be proportional to the amount of

protein assembled into functioning connexon hemichannels at

Figure 4. Expression of activation-induced cell surface connexin

detected by connexin extracellular loop antibodies in T-cell subsets

and B lymphocytes. Cells isolated from tonsils were stimulated with

phytohaemagglutinin-L (PHA-L) (T cells) and lipopolysaccharide

(LPS) (B cells) for 6 and 12 hr, as described in the Materials and

methods, before harvesting for ¯ow cytometry analysis. Connexin

expression was detected on T helper cells gated with anti-CD4

¯uorescein isothiocyanate (FITC) (a), T-cytotoxic cells gated with

anti-CD8 FITC (b) and B lymphocytes with anti-CD19 FITC (c).

Rabbit GAP35/36 af®nity-puri®ed anticonnexin antibodies were

detected with goat anti-rabbit immunoglobulin E-conjugated phycoer-

ythrin (IgG-PE) after 6 and 12 hr in vitro stimulation (thin and thick

lines, respectively). Binding of goat anti-rabbit IgG-PE is shown as the

solid histogram.
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the plasma membrane level, especially under mitogen stimula-

tion, because cells maintain a balance between intracellular

stores of connexins and those assembled into gap junctions.30,31

A number of other studies have shown a reduction in gap

junction-mediated communication between mitotic and non-

mitotic cells,55,56 and a mitosis-speci®c species of Cx43 was

described in human umbilical vein endothelial cells and smooth

muscle cells.57

The present results indicate that connexin synthesis and

turnover are further component processes that re¯ect the

functional fate of lymphocytes, especially during the polariza-

tion of the immune response. An increase in Cx43 in lymph

node secondary follicles has been described in mice repeatedly

challenged with lysozyme.44 In these mice, the secondary

follicles contained enlarged follicular dendritic cells with

prominent Cx43 gap junctions. A similar high density of gap

junctions was found in human tonsils, especially in the light

zone of the germinal centres where B lymphocytes undergo

functional maturation.44 In the present work it was noted that

tonsil-isolated CD4+ T helper phenotypic cells modi®ed their

surface expression of connexin during blastic transformation,

whereas CD8+ T-cytotoxic phenotypic lymphocytes showed

no change in connexin expression after 12 hr of stimulation. As

B lymphocytes also modi®ed their connexin surface expression

under the same conditions, these results suggest that connexins

participate in regulatory mechanisms that underwrite T-cell-

dependent B-cell interaction and maturation in the context of

the immune response. The possibility thus arises that connexin

synthesis and turnover may regulate T- and B-lymphocyte co-

operation in secondary lymphoid organs, possibly in conjunc-

tion with the cellular activation involving speci®c lymphocyte

cell co-operation mechanisms.

Gap junctions appear to function in lymphocytes to provide

a mechanism for basal cell-to-cell `cross-talk' because no effect,

Figure 5. Detection and distribution of connexin protein in T, B and natural killer (NK) lymphocyte subpopulations by ¯uorescence

microscopy. Detection at the plasma membrane level was studied in a total mixed population of non-permeabilized lymphocytes

isolated from tonsils and activated with mitogen for 12 hr. Cells were double labelled, as described in the Materials and methods, with

the following markers: mouse anti-CD3 (T cells), CD19 (B cells), CD56 (NK cells) antibodies, all ¯uorescein isothiocyanate (FITC)

conjugated (panels (a), (c) and (e), respectively), and with af®nity-puri®ed rabbit GAP35/GAP36 antipeptide connexin43 (Cx43)

antibodies developed with a goat antirabbit Cy3 conjugate (panels (b), (d) and (f)). Connexins appear as largely red bright, punctuate

regions, located particularly at cellular contact regions. Arrows indicate pairs or groups of double-labelled cells. No surface staining

was evident using the mouse-IgG1 control antibody or the connexin preimmune sera (data not shown).
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at least at the level of the directionality of dye transfer, was

observed between heterotypic or homotypic cultures of T and B

lymphocytes. Also, the extent of dye transfer was largely

unaffected by mitogens despite the fact that mitogens

stimulated the overall connexin composition of lymphocytes.

Relationships between dye transfer and plaque size, as well as

the ratio of internal connexin stores to gap junctions, are

complex and unresolved issues. A signi®cant decrease in dye

transfer across gap junction channels was observed in the

presence of a peptide with a sequence homologous to a region

of the second extracellular loop of Cx43, thereby providing

strong evidence for the implication of gap junctions. This

connexin mimetic peptide has been shown to inhibit gap

junction-dependent artery oscillations,38 intercellular propaga-

tion of calcium waves across gap junctions32 as well as dye

coupling in HeLa cells expressing various recombinant

connexins.58 These connexin mimetic peptides have been

proposed to function either by inhibiting the assembly of

new gap junctions by impairing the docking of the extracellular

loops of connexons accreting into plaques involved in this

process, or more directly by induction of a conformational

change in formed gap junctions that results in channel

closure.37±39 A further gap junction inhibitor, a-glycyrrhetinic

acid,34 also inhibited dye transfer. Although its speci®c

mechanism of action on gap junction functionality is less

clear, it may in¯uence Cx43 phosphorylation status.59 The fact

that the most pronounced effects of the gap junction inhibitors

on dye transfer communication between lymphocytes occurred

when T lymphocytes acted as dye donor cells further supports

the hypothesis that T cells regulate direct lymphocyte

intercellular communication through gap junctions. As lym-

phocyte activation triggers important metabolic signalling

pathways, the possible involvement of direct cell communica-

tion through gap junctions, thereby allowing the intercellular

transfer of second messengers,60±62 such as IP3, cAMP and

Ca2+, is a further implication of the present work.

Figure 6. Intercellular dye transfer studied using ¯ow cytometry. Donor cells were double labelled with Calcein AM and DiIC18 and co-

cultured as described in the Materials and methods. Panel (a) represents a control reaction of donor cells labelled with DiIC18 and

incubated with non-labelled cells. Panel (b) shows double-labelled cells before being co-cultured with non-labelled cells. Panels (c), (d),

(e) and (f) are co-cultured double-labelled cells with unlabelled lymphocytes. The letters at the top of each panel indicate the

directionality between T and B lymphocytes of the transfer assessed. The effect of peptide GAP27 [300 mg/ml] (g), (h), (i) and (j) and 18-a-

glycyrrhetinic acid [150 mM] (k), (l), (m) and (n) on the co-cultured combination was studied. Values represent the mean ¯uorescence

values for green ¯uorescence above the arbitrary marker shown. The experiment was repeated six times with similar results.
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Figure 7. Effect of phytohaemagglutinin-L (PHA-L), lipopolysaccharide (LPS) and gap junction communication inhibitors on dye

transfer between T and B lymphocytes co-cultured in different combinations. After loaded and non-loaded cells were allowed to seed

for 30 min, PHA-L (1 mg/ml), LPS (5 mg/ml), 18-a-glycyrrhetinic acid (AGA) (150 mM) and GAP27 peptide (300 mg/ml) were added to

the different combination groups, respectively, and cells were incubated for 6 hr. Fluorescence was measured by ¯ow cytometry and

the percentage of positive green ¯uorescent cells above the arbitrary marker was analysed in each case. A control group of non-treated

cells was examined in parallel (co-cultured cells). Results represent the mean t standard deviation of six experiments for each

combination.

Figure 8. Immunoglobulin M (IgM) synthesis by lymphocytes and the effects of two reagents that block intercellular communication

across gap junctions. In (a), a mixed population of lymphocytes was used (2) and the effects of GAP27 (300 mg/ml) (m) or a-

glycyrrhetinic acid (150 mM) (&) were determined over 48 hr. In (b), a phytohaemagglutinin-L (PHA-L)-stimulated mixed population

of lymphocytes was used (2) and the effects of the two gap junction inhibitors, as described in (a), were determined. In (c), the effects

on IgM production by mixed lymphocyte populations (&) of two connexin intracellular peptides, viz GAP18 (%) or GAP20 (1) were

examined. In (d), a B-cell population was used (1) and the effects of GAP27 (m) and a-glycyrrhetinic acid (&) were examined. Error

bars show the level of variability among individual cultures (n=16). The experiment was repeated eight times with similar results

obtained each time.
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The signi®cant reduction of the in vitro synthesis of IgM, by

gap junction inhibitors, especially in co-cultures of T and B

lymphocytes stimulated with mitogens, has immunological

and in¯ammatory disease consequences. These results argue

strongly for the unforeseen importance of gap junctional

communication in lymphocyte co-operativity underlying

immunoglobulin production. The inhibitory effect of the

connexin mimetic peptides and a-glycyrrhetinic acid on IgM

secretion mirrored their effects on dye transfer discussed above.

Important questions remain, such as the nature of

maturation events or microenvironmental factors that trigger

the expression, for example, of Cx40 in the secondary lymphoid

organ and the contribution to lymphocyte function of each of

the connexins described. Studies on the role of lymphocyte gap

junction communication during in¯ammatory cell recruitment

and antigen-driven effector mechanisms will also contribute to

the hypothesis that connexins and gap junctional communica-

tion are key mechanisms in the operation of immune networks.

In summary, the results of this work represent the ®rst

detailed characterization of connexins that are involved in

cell±cell communication in lymphocyte subpopulations. Two

independent lines of functional evidence for gap junction

communication in puri®ed human T, B and NK lymphocytes,

derived from peripheral blood and tonsils, are presented. The

differential regulation of Cx40 and Cx43 expression may be

related to requirements for cell cooperation in various

lymphatic microenvironments. The results suggest that con-

nexins will now require consideration as a component of the

molecular mechanisms underlying lymphocyte differentiation

and function in the immune response.
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