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Abstract An international symposium was held on gapell-to-cell communication”. It exists in all parenchymal
junctions in health and disease in Regensburg, Germasrgans and between stromal cells with the exception of
gathering together a panel of international scientists whwature skeletal muscles, spermatocytes and circulating
discussed normal functions of gap junctions and théiood cells. Gap-junction channels are formed by con-
contribution to a variety of human diseases. The emphaséxin proteins, which are encoded by a family of at least
was on strategies and models for a better understandi3g(soon to be 14) genes. Connexin genes have a com-
of gap junction-mediated cell-to-cell communication in mon structure, with each gene exhibiting a single intron
variety of tissues, including null mutations of gap jundhat separates a small noncoding upstream exon from a
tion genes in recombinant transgenic mice. The topiesger exon that contains the entire coding sequence. In
varied from the normal function of cardiac gap junctiorthe human and mouse genomes, these single-copy genes
and its contribution to cardiac dysfunction up to the reaap to at least four chromosomes, including chromo-
cently discovered point mutations of a gap junction geseme X. Structurally, the gap-junction channel is thought
encoding the gap junction protein connexin32 in Charcat consist of two identical hemichannels (or connexons),
Marie-Tooth syndrome of the X1 type. A perspective @ach of which is formed of six subunits (Fig. 1).
the future development of gap junction research and itsimportantly, the biophysical properties of gap-junction
contribution to unravelling pathophysiological mechahannels depend on the type of connexins that form the
nisms of human diseases was given by M.V.L. Bennett.channel. Recent evidence suggests that functional criteria
such as voltage dependence, pH sensitivity, degree of
Key words Gap junctions - Genes - Connexin - phosphorylation, and conductance are determined by the
Cell-to-cell communicatic:: connexon types that combine with each other to form a
functional and competent gap-junction channel. Since the
expression of gap-junction channels varies widely in dif-
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Gap junctions constitute intercellular channels that allow
the direct transport of ions and metabolites, including

second-messenger molecules, between adjacent cellg
without leakage into the extracellular space. This form |of
short-range signal transfer is collectively termed “direct
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ferent tissues, & hare to ewnisage considesble differ-
ences in the functional gpeties of gp junction-coupled
compatments within the arous ogan systems. By
leaming the molecular makup of @p junctions ve will
gain a better kneledge on their namal function and
hopefully of the \arious disease s in which this stuc-
ture is involved The contibutors to this meetingeport
will pass on inbrmaion aout the stie of the arin gap
junction eseach and discuss the implitans tha altera-
tions in @p junction epression, distbution and function
may have for the nomal function of tissues.

Gap junctions in health and disease: a perspective
M.V.L. Bennett

Department of Newscience
Albert Einstein Collge of MedicineBronx, Nev York,
NY 10461, USA

Holding an “Intenational Symposium on GeJlunctions
in Health and Disease” implies ththele ae diseases in
which gap junctions pls an impotant pat. In the stug
of nomal function, thais of health, one can degm

of how X-linked diseases could be asympttiman fe-
males hetezygous br a loss of function otation on
the X chromosome Although X-inactvation or lyoniza
tion would result in half the cells l&ing the function,
gap junctional commnicdion with cells in vhich the
nomal X chromosome s actie was thought toescue
the incompetent cells. A pblem not considexd, a least
not by this authorwas the gain of the mosaic ofybn-
ization, which can be rach too coase to allev diffu-
sional commanicaion between competent and incompe
tent cells.

A question fom this edry peiod was why there were
gap junctions betwen seemingl identical cells thedid
not geneate action potentials. e uninteesting possi
bility was tha gap junctions just helped outy/kallowing
cells doing vell & some time to help other cells tha
were doing not quite so &ll. Whether it vas a méer of
closeness toutrient souces or andomness inene &-
pression, inneration, or something elsehe spdal and
tempoal coopeation pemitted might mak a system op
erate better The opeation was not oliiously much bet
ter, but even a small impvement povides paverful se
lection orer evolutionary time frames. Wien it became
appaent tha the poteins brming gap junctions, or con
nexins, were encoded Yy a gene amily now of 12 (soon

wha an oganelle sub as a gp junction does, and oftento be 14) membesr[8], it seemed ligly tha if loss of a

the function is demonstted by removing the stucture
or blocking its action, or ma recenty by overexpress
ing it. Then malfunctions assodt&l with loss or gin of
nomal function become candids br a disease pr
cess, as ell as delineting the action in health. Ga
junctions hae been ayund br almost 40 gars, lut only
recenty has it become posdibto have a symposium tha
includes pesentions on eal diseases in lich altei-
tions in @p junctions a& demonstated

Historically, gap junctions vere recagnized as a sub
strate of electical transmission beteen cells, especigll
cardiac nusde and cetain neuons [1]. Speed of éns
mission andeciprocity of action vere plausilie explana
tions of their occuence in most instances. Yegted
diseases or diseaseopesses irfuded ecurent popaja-
tion in heat musde and associad &cessve positve
feedbak in epilepsy Several yeas laer, gap junctions
were found to medite the &chang of small molecules,
and the oster of pemeant substances wadncludes -
cleotides, second messamg and molecules of intere-
diary metdolism, hut not poteins and adeic acids.
Moreover, thee gpear to be ditrences in the pare
ability of different types of gp junction. C&* should be
included as a peneant second messeamgalthough thes
was a goup tha held tha Ca* closed @p junctions and
ignored evzidence indicéing tha it would cioss the junc
tions d low concentations.

Gap junctions vere thought to media “metdolic co
opewtion” in which cells tha were met&olically cgpa
ble of synthesizing some essential imedide could
suppy it via gap junctions to other cells thavere inca
pable of making it [3]. Tis pocess s eadily demon
strated in tissue cultw and poposed as anxplandion

connin were not an emiyonic lethal, thez would be
genetic diseases assdeid with nutdions in these
genes. Genetic diseases an &cellent expression of
Murphy’s lav (“Anything tha can @ wrong will [go

wrong]”).

Cloning of conngins has led to émaic advances,
including in situ lybridization to detemine which con
nexin RNAs ale epressed Wwere. Antibodies can be
made to spedi (or common) sequences petting de
teminaion where the poteins ae expressedand some
of these antibodies alloidentification & electon micio-
scopic esolution. RBtch damping pemits recoding
from small cells, and tissue cukkumales mag more
cell types accesdid New blocking methods of in
creased speddity, tageted g@ne knokout by homolc
gous ecombingion and tansgnic mice povide the
means 6r detemining wha loss or gin of function can
do. The moden cell biolagy and bioplysics of @p junc
tions male the analsis of the health function nuch
more direct and demonsite or sugest where thg are
relevant to diseaseSome of the elr questions baout the
roles of @p junctions hae been larified; for some ther
is still no séisfactoy ansver.



Cardiac gap junctions: discontinuous conduction
in normal and diseased heart
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Impulse conduction in the haas microscopicaly dis-
contiruous, in tha action potentials ar regenested in
ead cell and pass ®m one cell to the ¢ with measur
able delgs. This discontimwity is due to edt cadiac
myocyte’s being connected to other cellsabhgh @p
junction dannels, andesults in anisotipic conduction
attributable to nomuniform cellular gomety and to non
uniform gap junction distibution betveen the mocytes
[15]. Recent studies of humammgjunction diannel dis
eases and animal model systerasutting in connen
overexpression or loss of function sgest tha altera-
tions in the gpression and aangement of gp junctional
channels within the hemay have a stong influence on
the popensity br cadiac arhythmogenesis g modify-
ing the etent of discontinous popagation, and thadis
rupted gpression mg also esult in @&nomal cadiac
development.

Gap junction hiannel poteins (connens) ae encod
ed by a gene aimily with more than a dean membes in
rodents; thee conngins ae epressed in caliac nyo-
cytes (Cx40, Cx43, Cx45). Gdimc d/sfunctions ppear
to be medited by several types of connén distur
bances. In ansgnic animals, wver- or undeexpression
of Cx43, the major g junction potein in the catiovas
cular system, leads to emybonic laerality defcits. In
mice in which Cx43 has been deleted abgh homole
gous ecombindon, the rght ventiicle is hypettrophied
to sud an atent tha outflow is impeded and animals
die & birth owing to pulmonay artery stenosis [13]. Car
diac myocytes cultued from these animals displanuch
lower junctional conductance than thosenfr wild-type
littermates, vitually no spead of intacellulaty injected
Lucifer Yellow, less egular and less codmaed sponta
neous betng, and etaded spead of Ca* waves flom
one cell to the neg under C&* overload conditions. Con
trol mouse catiac nyocytes &hibit channels cae-

179

sponding to Cx40 ar detected Laterality defects ma

also occur in humans with Cx43utations. Though still
somavha contioversial, it has beenlaimed thaa subset
of hetepviscerl ariotaxia paients (the phenotypepa
parently charmacteized ky concomitant pglsplenia or
asplenia) dispha coding egion mutations within the
phosphoylatable seine residues in theytoplasmic tail
of the molecule [4]. Biopysical studies on cellsans

fected with human Cx43 ueted in this egion, havever,

shov only modest electphysiological differences, and
even seerely truncaed Cx43 can stilldrm functional
channels.

Following myocadial infarction in both p@ents and
animal models, @ junction epression is educed exag-
gerating the anisowpic ndure of venticular conduction
[14]. Because kmral gap junctions a& less bundant
than longtudinal ones, and because of the qia de
position in infircted aeas, this emodeling of connec
tions can esult in enhanced discontiity in impulse
conduction. Resultant skdng of conduction and thepa
peaance of longr conduction phways leads to them
peaance of e-entant circuits in animal models. A par
ticulady stiiking example of gp junction earangement
is seen in caliac nyocytes in tissue culter infected
with Trypanosoma wzei [6], the caustive piotozoan
pamsite in Chgasic cadiomyopahy. In these cells,
Cx43 staining facellular boundaes virtually disgppeas,
although dundance of both Cx43 and its mRNs not
affected In this casginfection poduces hangs in con
duction th& are even moe etreme than in the Cx43®
model, and the cause of the Cx43 dis@aance apeas
to be high-dinity interaction betveen the pasite and
the gap junction potein.

In summay, in a \ariety of examples catiac condue
tion disturbances can begarded as gp junction-elated
diseases. ltdllows tha it is worth exploring the possibil
ity tha thempeutic measws might be deeloped in
which cadiac g junetions or their gnes ag tageted
Although sut studies & only just bejinning, spinofs
for further gap junctions eseach might indude the de
velopment of gp junction-specit phamacolaical and
genetic tools.

Insulin secretion and gap junctions
P. Meda

Department of Mopholagy, Shool of Medicine
University of Genea, 1, me Midel Sevet,
CH-1211 Genea 4, Switerland

Insulin secetion results fom the actiity of about
2 x 10° B-cells (in humans), hich awe dusteled in pan
credic islets. Coadination of these cells is ateved via
their inteaction with neustransmittes and mmeious
signal molecules caed hy blood and also with neigh

sponding in unitar conductance to those of Cx43 anbouiing cells. The later inteactions ag thought to be of

Cx40, whereas in Cx43 © animals ont channels cae-

prime impotance since insulin seetion is makedly al-
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tered after disuption of cell-to-cell contacts and igpid-
ly comrected after cell @aggregation. Sincep-cells ae
functionally connected ¥ gap junctional tannels,
have assessedhether the dect intecellular exchanges
of cytoplasmic ions and small moleculestthizese ban
nels pemit (an eent also efered to as junctional ceu
pling) paticipate in the synthesis, stme and elease of
insulin.

We have found tha single-cells (which cannot érm
gap junctions) shw altertions in both basal and stim

cells, which, talen indvidually, differ substantiajl in
their aility to biosynthesie and elease insulin [9]. fie
molecular melsanism vihereby junctional coupling bal
ances these dispaes, my involve dhangs in fee in
tracellular C&*, in the eleciphysiological characters-
tics of B-cells, or in the smgrading of curent-carying
ions acoss lage cell popul#ons.
It is worth stressing thathe inceased basal insulin

release and loss d3-cell responsieness thaare ob
seved duing acute uncoupling and with singfecells

lated release of insulin, in ptein biosynthesis, and inare reminiscent of the detts tha chamacteize residual

the pression of the insulinene Restoation of B-cell-

B-cell function in type Il (non-insulin-gendent) dibe-

to-cell contacts is patieled ty an impovement of these tes and in animal models of this disea&kso, 3-cells in

defects, and in péicular by a rapid increase in insulin
release This chang, hawvever, is prevented in the ms
ence of either alkanols,hich bock gap junction dan
nels, or of antisense obigudeotides designed to intct
specifcally with the mRM coding r the @p junction
protein Cx43. W& hare futher obsered tha sustained
stimulation of insulin elease is assod¢ed with an in
crease inf-cell coupling and in thexpression of gp
junctions and Cx43, both inwo and in vito. Other &-
peiiments hae revealed thaconditions inhibiting insulin
release deease or lolish 3-cell-to-cell coupling In vi-
vo, havever, these conditionsesult in lypeglycaemia
and inceased couplingsugyesting tha the lesel of cir-
culaing glucose and thebdity of [-cells to ecaynize
the sugr popety may influence junctional flkannels in
dependenty of ead other In adlition, the acute phara
cological bockade of junctional ltannels mdedly in-
creases the basaélease of insulin andbalishes tha
stimulated by glucose in both isotad islets of Laner-
hans and intact pareas. hese altations ae not paal-
leled by changs in the second messemy knavn to
contmol insulin secetion, do not déct singleB-cells, and

crease the>gpression of the g junction potein Cx43
and coupling after in vb treaments with glibenlamide
a sulphoglurea tha promotes insulin glease fom the
glucose-insensite 3-cells of type Il didetics.

Taken tagether these obseations indicde thd insu
lin secetion esults fom the actiity of numeous and
functionally heteogeneous B-cells, whose intgration
depends in an digatory manner on @per commnica
tion. Full contol of this intecellular comnunicdion is
ascibed to rultiple medanisms, inkuding cell-to-cell
signaling ly nutrients, intinsic and &trinsic neual in-
puts, local and coulaing homones, and as dict inter
actions betwen adjacent cells. Nile the pecise conir
bution of these mdwmnisms and their hiarchic organi
zdion is not et undestood compelling gidence indi
caes tha junctional coupling is opetive under condi
tions which aolish most otherdrms of cell-to-cell com
municaion. Hence gp junctional coupling ppeas to
play a fundamental, hith&r disiegarded ole in the egu-
lation of both the moment-to-momerglease of insulin
and its longr tem B-cell speciic expression. Most lik-
ly, gap junctions hae become an digatory fedure of -

are fully reversible after washout of the uncouplingcells, and of all other endaoe cell types, since tle

drugs. W& have obseved tha tumour insulin-poducing

provide a diect pahway for compensténg their indvid-

cells, which hase retained &least some of the glucoseual, intinsic metéolic and effector diferences. Futw

sensitvity that chamcteizes nomal B-cells, ae inter

connected ¥ gap junctions made of Cx43. In coa#t,
several cell lines thafeaure aénomally low insulin pio-

duction and ma&ed glucose insensiity do not &press
connins or g junctions and & uncoupledin & least
some of these lines, the Bi@ transkction of the gne
coding br Cx43, the oyl gap junction potein found in
B-cells, induces thexgression of functional & junction
channels and impres both the biosynthetic and setor

ry defects of the cells. In vb, Cx43-tanskcted cells
also gow a a lower rate and sea@te moe insulin than
wild-type, noncomnunicaing cells.

Compaed with other érms of cell-to-cell commni-
cdion, ggp junctional coupling pvides a unique mée:
nism for direct equilibetion of ionic and molecularrg-
dients between nearp cells. Whenezer the esulting con
centation reates a theshold leel for actvation of an
effector mebanism, functioning will be sioitaneousf
modified in all coupled cells, hence eniswr a lager re-
cruitment of cells functioning in a codinated way. This
medianism is pdiculaly advantayeous in the case @

studies should wrestigate the plysiological relevance of
the gap junction contol in vivo (this is nev under testing
using tansgnic animal pproades), and assesshather
alterations in conngin expression or coupling function
significantly contibute to the pd#nogenesis of thgs-cell
defects which are obseved in type Il didetics. [Suppdr
ed by grants fom the Swiss Né#onal Science &unda
tion (32-34086.95), theudenile Disdbetes Bundaion In-
temational (195077), and the Eapean Union (SC1*-
CT92-0833).]
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pal slice [11]. Whole-cell electophysiological recoid-
ings were used When the gtracellular calcium concen
tration was @pidly lowered by perfusing with no aded
calcium, synhronous seize-like actvity was obsered,
as noted p othes. In this sitution, increased ge cou
pling between CA1 newns was seen. Also, spekets (or
fast pepotentials) vere seen; maninvestigators consid
er tha these eflect electotonic gap junction-medited
coupling especiall in dye-coupled newuns. The spile-
Peripheral neuopahies ae among the most commorlets occured in the same pie@m as spik kursts. \hen
and incpacitding neuplogical disoders. Although pal integrated spikelets took on the samepmeaance as
ative treadments ae available for mangement of this spikes. Comersely, when spiles were differentiged, they
group of disoders, theepeutic gproadies in the past resemled spilelets. It is lypothesied tha spikelets e
have been limitedOne n& promising gproad involves present adrm of cgacitdive coupling aass the losely
the theapeutic uses of neatrophic factos/g/tokines. apposed pe- and postsymqdic membanes asund @p
Since neuwpahy can esult fom dysfunction of either junctions thaare usualy seen in wimps on the neonal

Nerve growth factor, gap junctions and nerve
regeneration

John Kessler

Department of Neuwlogy,
Albert Einstein Collge of MedicingBronx, Nev York,
10461 NYUSA

Schwann cells (delyelinaing neuopahies) or neuwns
themseles (axonopihies), diferent dasses of gtokines
acting on glia or neons will pobably be useful ér the
treament of diferent types of newpahy.

The ecent ecanition tha mutation of conn&in32
undeties one drm of Chacot-Maiie-Tooth neuopéahy
highlights the impdance of gp junction poteins br
Schwann cells and pgrheral newve function [2]. he
first pat of this pesentéion discusses thefeicts of se-
eral inflammaory cytokines/gowth factos induding
transbrming gowth factor beta (TGFB), tumor neisis
factor alpha (TNF alpha), wedifferentigion factor beta
(NDFB), and glial gowth factor (GGF) on the pheno
type, function, and epression of gp junctions ly cul
tured Stiwann cells. Tiese obsertions ae corelaed
with changs in connein expression tha occur after
newve injuty [5]. The second paof the pesention dis
cusses onging dinical trials of newe gowth factor
(NGF) in peipheral neuopahy. The pedinical studies
leading to these ials, as well as ungpected biolgical

surface memhane Biophysical modelling of gp junc
tional gposition betwen tw theoetical neuons sup
ports the concgt of cgacitive coupling Evidence 6r
rapid moduld@ion of gap junctional coupling &s ob
tained Intracellular acidifcation or dugs knovn to
block electiotonic coupling caused a nkad decease in
or aolition of neuonal dre coupling syndironous sei
zure-like actvity in the slice and spiklet actvity. The
last two effects were measwrd within mirutes of the on
set of teament. Havever, intracellular alkalosis caused
an incease in seizerlike actvity and in spilelets. It is
hypothesized tha gap junctional mebhanisms, intuding
cgpacitdive coupling can be apidly modifiable and plg
an impotant pat in epileptogenesis. (Suppted by the
MRC.)

X-linked Charcot-Marie-Tooth disease
and connexin32

actions of NGF obseged in both animals and humansRkR.J Balice-Godon - L.JBone - 9. Deshenes

are discussedrindings of the phase 1A and 1Bais ae

presented along with an upda on pogress with the
phase Il tial of NGF in didetic small iber neuopahy.

Finally, the staus of dinical trials of seeral other
growth factos in peipheral neuopahy is discussed
briefly.

The role of gap junctions and capacitive coupling
in neural synchrony

Peter L. Calen

Playfair Neuroscience Unit,

Bloorview Epilepsy Pogram, Dronto Hospital,
Departments of Medicine (Neoiogy) and Plysiolagy,
University of Dronto, Ontaio, Canada

There ae maly putaive metanisms ér neual syndiro-

K.H. Fischbek - SS. Scherer

The Uniersity of Rnnsyhania, Philadelphia,
PA 19104, USA

Mutations in conngin32 (Cx32) cause the X-liekl
form of Chacot-Maiie-Tooth disease (CMTX), kich is
one of the inhéted forms of denyelinating neuopahy.
Cx32 is &pressed § myelinging Scwann cells in pe
riphe@al newe and is localied pincipally to the
Schmidt-Lanteman incisues and the panodal egions.
The epression of Cx32, lig tha of other nyelin-relaed
genes, is highl regulated by axon-Séiwann cell inteac
tions. The levels of conngin32 MRNA and potein in
crease dung development anddll after axotory, but re-
turn to nomal if axons egenerte and ag renmyelinaed
To detemine whether thes ae functional gp junctions
in the incisues of nyelinaing Scwann cells, & hae
injected carbryfluorescein (molecular mass 37Ba)

ny in seizues. Our goup has collectedvaence indice and 3,000Da rhodamine-conjage detran into single
ing a le for gap junctional electnic coupling in the living teased nee fibers of odent sciic newe. Our
low-calcium model of seizeractvity in the hippocam preliminaly results indicte tha carboyflourescein, bt



182

not 3,000Da rhodamine-conjued detran, can passous cacinogens. Since theris substantialvedence im

through incisues, sugesting thé there ae functional
gap junctions betwen adjacent lers of myelinaing

plicating loss of GJIC in &nsbrmation, a \ariety of gp-
proades hae been used to uggulate intecellular com

Schwann cells thaallow small molecules and ions tomunicéion to restoe gowth contol. For example mary

diffuse mdially acoss the melin sheéh. To detemine
whether nutant Cx32 poteins ae synthesied and pop-
erfly localized in mammalian cells, constits &pressing

reports desdbe efects of etinoids on inaeasing GJIC
and deceasing cell gpwth and tansbrmation [16]. With
the recent toning of mary of the connein (Cx) cDNAs,

various Cx32 nutations were introduced into PC12Ja direct gproad to inceasing conngn expression and

cells by pemanent tanskction. Some Cx32 wotants
(e.g., Argl5 - GIn) were synthesied and popety tar
geted othes (eg., Glul86 - Lys, Glu208- Lys) were
synthesied hut accunulate in the gtoplasm, vhile a
least one (175 &meshift) vas not detectdly expressed
Thus, thee ae nultiple efects of Cx32 mtations on the
synthesis and localiian of Cx32, potentiayl causing
more than a simple loss of function.

Gap junctions and tumorigenesis
Chiistian C.G Naus

Department of Antormy and Cell Biolgy,
The Unversity of Vésten Ontaiio, London,
Ontario N6A 5C1, Canada

G junctional intecellular comnunicaion (GJIC) has
been implicgéed in the contl of cell gowth. This is
based on the obsetions tha mary tumous and tumour
cell lines &hibit reduced or alted GJIC [17]. In adi-
tion, GJIC is de@ased » some oncgenes and Y vari-

subsequent GJIC has alled a moe thoough examina

tion of the ple of intecellular comnunicaion on tumour
suppession. Wiile functional analses hae been cared

out either ly injection of specit connein RNAs into
Xenopusoogytes or ly transkction into a ariety of cell
lines, because of theaiety of inteests of inestigators

only some of the studiesamsgecting connein cDNAs

into mammalian cells va reported on effiects on cell
growth.

The intioduction and werexpression of connén
cDNAs in tumour cells § transkction has shen tha
the pesence of functionalap junctions can suppss
growth and/or tumadgenicity of some types of dns
formed cells (summéed in Table 1). Transkction and
expression of Cx43, Cx32, Cx26 and Cx40 iarnwus
cells esulted in inceased comuomicdion. Hovever, on
ly some conndns caused a sieer gowth in vitro and in
vivo tha corelated with the lgel of expression. Te
unique pesence of céain conna&ins in different cell
types sugests functional cell spedifty for conneins.
This concet is suppated ty the inding tha chemicaly
transbrmed mouseilbroblasts, et glioma cells, and hu
man rh&domyosacoma cells, \Wwich ale defcient in

Table 1 Transgction of con

nexin genes Cell line Transkcted  Growth Growth Reference
connein in vitro in vivo
SkHep hepatoma Cx32 - ! Eghbali et al. 1990,1991
WB-F344, lver Cx43 Lb nd Esinduy et al. 1995
epithelial cells
Ra-1 fibroblasts Cx43a8 Le nd Goldbeg et al. 1994
Transbrmed 10T1/2 Cx43 ! ! Mehta et al. 1991
MCA-10 Cx43 ! ! Rose et al. 1993
HelLa Cx26 ! ! Mesnil et al. 1995
Cx40 o -
Cx43 o o
C6 glioma Cx43 ! ! Zhu et al. 1991
Naus et al. 1992
Cx32 - ! Bond et al. 1994
Rhadonyosacoma Cx43 ! nd Lin et al. 1995
Transbrmed kidng Cx43 ! nd Chen et al. 1995

epithelial cells

a Transkcted with antisense Cx43 cBN

b Suppessed pwth of cocultued tansbrmed cells

¢ Lost ability to suppess gowth of cocultued tansbrmed cells

d References listed indble 1 ae cited in oder of citaion: Eghbali et al. (1990) Bc Nal Acad Sci
USA 87:1328-1331; Eghbali et al. (1991pPiNal Acad Sci USA 88: 10701-10705; Esinduy et al.
(1995) Cacinogenesis 16:915-921; Goldlgeand Betram (1994) In Wo 8:745-754; Mel# et al.
(1991) J Membr Biol 124:207-225; Rose et al. (1993)rogenesis 14:1073-1075; Mesnil et al.
(1995) Cancer Res 55:629—-639; Zhu et al (1992 RNel Acad Sci USA. 89:10218-10221; Naus et
al. (1992) Cell Mol. Neuwbiol. 12:163-175; Bond et al. (1994) Celld@th Differ 5:179-186; Lin et
al. (1995) Sci China B 38:305—-312; Chen et al. (1995) Ceiw@r Differ 6:681-69



Cx43 epression compad with their non@nsbrmed
countepaits, ehibit reduced gowth and tumagenicity
following transection of Cx43 cDM [18]. A similar ob
sewvation was seendilowing transection of human he
paoma cells with Cx32 [7], wich is nomally present in
hepatocytes and dllowing Cx26 intoduction into HeLa
cells which were deived from cevwical cells which nor
mally express Cx 26 in wio. Fom these obseations, it
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tation in the human Cx32 eme Cx32-deicient mice
shov nomal nere conductanceta& months of ge. It is
possilte, havever, tha these mice deslop neuopaho-
logical symptoms tan older ge. Lucifer yellow cou
pling in cultued embyonic hgaocytes flom Cx32 def
cient mice is educed to laout one thid of the \alue ob
served in wild type hpaocytes. Electical stinulation of
sympdhetic neves in isoléed Cx32-ddtient liver re-

is dear tha the esthlishment of GJIC in tumour cellsleased ory one burth of the amount of glucose mebi

does not alays lead to d&cts on cell gowth. Ther g-
peas to be selecte efects on cell ppwth medided by
specifc conneins.

We ae curently pursuing the metanism(s) & which

GJIC might alter cell gwth. One aproat has been to

identify changs in gne epression assodied with
GJIC. We hare shavn tha glioma cells tanskcted with
Cx43 secete gowth-inhibitory factor(s), vinich ae cur
rently being daracteized In adition, expression of in
sulin-like gowth factor and assodied binding poteins
is alteed in these anskcted cells. A secondoproac
has been to isdla and baracteize transjunctional mole
cules vhich may be irvolved in gowth contol.

Given the accumiation of evidence suppding a ole
for GJIC in gowth contol and diferentigion, one might
expect to seevedence of tansbrmation in vivo in trans
genic mice with nll mutaions of conngin genes. ar-
getted Cx43 gne knokout though homolgous ecom
bination resulted in lethality &abirth, which was due to
cadiac malbrmations. Peliminaly studies hee also
been caied out with Cx26 and Cx32. Umittunaely,
Cx26 kno&out mice die 5110-11 dgs in utep. In con
trast, conngin32 knodkout mice ae vieble. These tans
genic mice povide inteesting models in hich to test
the tansbrmability of cells in tissues witheduced or
absent GJIC.

Characterization of connexin32- and connexin26-
deficient mice

Klaus Willecke

Institute of Genetics (Molecular Genetics),
University of Bonn, D-53117 Bonn, Geary

lized in wild-type lver. We condude tha Cx32-contain
ing gap junctions betwen heaocytes medite intecel
lular propagation of the signaleceved from sympéhetic
newve endings viaalease of n@drenaline

Mice defcient in Cx26 die in uter between 10.5 and
12.5 dp.c They lack expression of Cx26 in the tgrinth
region of the placenta beten syngtiotrophobasts |
and I, which functions in mtrient transpot from mder-
nal to embyonic Hood \essels. W speculte thd the in
tercellular tansport of nutrients though Cx26 gp junc
tion channels in the layrinth region is inhibited in Cx26-
deficient mice This mg cause emiyonic lethality

Concluding remarks
M.V.L. Bennett

Department of Newscience
Albert Einstein Collge of MedicingBronx, Nav York,
NY 10461, USA

The idea of eentant action potential ppagation in
cadiac nusde probably antedées the demonsdtion
tha the heatrwas not a we syngtium. Because cdiac
fibers ae coe conductos with the @p junctions be
tween cells as paof the pahway of axial curent, con
duction \elocity can beegulated by the junctional con
ductance Spuy reported deceases in junctional cen
ductance in caliocytes infcted with the intcellular
pamsite causing Clyas’ diseaseCadiac arhythmias
are one of the major causes of ttein chronic Chajas’
diseaseand it is tempting to suppose thslands of iR
fected tissue might dide conducting tissue into tha
ways thd pemitted eentant popagation. He also
pointed out thehalothanewhich lost favor as a gneal

The nurine conn&in gene amily consists of aleast 13 anesthetic because of itsopensity to poduce cadiac
membes, which awre cell type spedially expressed arhythmias, is ancellent bocker of ggp junctions &
with overapping specitity, and vhich code ér the sub anesthetic doses.h& issue of conmén regulaion is
unit proteins of @p junctions. Hpaocytes co&press raised in espect to hearCx43 is the pncipal connain
connin (Cx) 32 and Cx26. In alition, Cx32 is & expressed in theenticular musde (othes ae found in
pressed in Sowann cells, oligdendocytes, and other the conducting system). Not guisingly, a Cx43 KO
cell types, weras Cx26 isdund in bain, placenta, n mouse is lethal; it diest dirth. Suprisingly, however, it
testing and uteus. In oder to stug the function of these dies not fom failure of the hedrto contact — the other
genes in micewe have inactvated the Cx32 and Cx26conn&ins ke the action potentialsogng — lut from a
genes ly gene tageting in cultued embyonic stem cells malformaion in the rght outfow tract tha obstucts
and hae geneated homozygus nutant animals. blood flow to the lungs. It seems th&x43 is essential
Sumprisingly, Cx32-deitient mice ae vidble and & for embyonic derelopment of the hear In possilte
tile [10]. In contast to human peents sufering from confirmaion, several mutaions of Cx43 ae found in
Charcot-Maiie-Tooth (X) diseasewhich is due to a m+ humans with cafiac and viscexl developmental Bnor
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malities. These matations ae in putéive phosphorla-
tion sites, vhich ma contol expression or conduc
tance but for deselopmental egulation rather than
transmission of action potentials.

An aspect of metalic coopeation was rised ly
Meda, who presented da indicding tha coupling be

coupling which could ony aiise from laige aeas of a-
position betveen cells. One wuld consider these eas
electical syngses, if one are to decide thiathey were
specializd In ary case they mediae inteactions tha
the nevous system “lies with; even if thee ae occa
sional dificulties. With respect to gilepsy one should

tween panadic beta cells in@ases the amount of insualso consider the possibility of dp buffering. Gep

lin that they secete Nominall, all beta cells a& alike,
and coupling wuld not be gpected to do mch for
them; if cells hae a seatoty cycle, hovever, they may
get out of phase and thus befdiént nuch of the time
For the incease in seetion, one canige an analgy in
terms of the psyleological phenomenon of “sociahéili-
tation” An isolated dick will eat a cetain amount, bt
chicks in a goup will ed more per tick; to anthopo
morphize, chicks, seeing their companionstehecome
hungy. Medas dda sugest th& commnunicaion among
seceting beta cells leads them to ssermoe than thg
otherwise wuld. The question with anform of non

junctions betwen astcytes ae expected to dcilitate
redistibution of etracellular K accunulated duing
neuonal actvity; as one asticyte is depolaiized by lo-
cally increased etemal K, it will depolaize moe dis
tant cells and dve K* out of them; and if uptakof KCI
is a mebanism of emoval of extracellular K, then cou
pling between cells will, ly metaolic coopeation, in-
crease the ééctiveness of emoval of excess K at lo-
calized sites, if not a unifm rise in K. Again, as a
possibility ther than adct, deceases in glial coupling
may increase the susptbility to epileptiform disdag-
es. Havever, a diang obseved in glial coupling in an

electical communicdion between cells is the identity of epileptic animal m# represent a malagdive or an

the messge. Actually, comnunicdion between beta
cells my be electical. Thete is eidence thasecetion

is triggered ky a regenesrtive C&+ action potential, and

spontaneousiring in one cell mg recuiit othes to the
secetoly process. Although Meds’ hemoytic plague
assg for insulin secetion is a thing of beautyCa&* im-
aging gpplied to cells in isolkkon and in goups m give
a dearer pictue of the se@toly events.

Gap junctions vere first identifed & electical syng-
ses, and | vie them as pedctly good synatic stuc
tures, since the are ansomically specialied sites of
transmission beteen neusns. Although ther remains
in the liteature the concet thd electical syngses ag
somehav primitive and moe characteistic of lower spe
cies, thee is little founddion for this viev, which is in
ary case irelevant, since mammals, ihaling humans,
have them in the cerdl nervous system, ifdading the
neocotex. Arguments can be pubirward concening
whé electical syngses can do, and thean do most if
not all of the things thachemical synpses do. fiey can
be regulated on a &st scale ¥ a rumber of mebanisms
including phospharlation, transjunctional @ltage and
changes in cellular pH and upon a €ahot time scale
They are modifable on a someha slower time scale Y
changes in tansciption and tansldion and in brmaion
and dgraddion. The question n@ is not what they can
do, ut wha do the do in fact do.

Since @ilepsy is a phenomenon okeessive electi-

adative response to jvious seizues mther than a
cause of cuent seizues.

An eaty sugestion vas tha loss of @p junctional
communicaion led to malignang In the 1966 paer by
Potter et al. [12] in Wkich the ideaifst gpeas, it was
also demonstted tha some tansbrmed cells vere still
coupled and subsequentlfrom the same lzoratory
there came gtensive esidence th& malignant cells in
vitro and in wo could be coupledeven if & a reduced
level. As for mary bad lypotheses, it @&s \ery difficult
to prove or dispove thd reduced coupling or pere
ation causes canceWith the discoery of oncaenes, it
became een dearer thd connin genes vere not once
genes, although tlyemight function as suppssos by
allowing an inhibitoy regulator to diffuse in fom adja
cent cells or a gwth stimulator to leak out to adjacent,
nonmalignant cells. Aus, in nultistage cacinogenesis,
gap junctional commnicaion could povide a modest
brake. Ggp junctions ag not afected ly initiation, but
may slow promotion and pogression. Fuhemore, ma
lignant cells hae marty changs in their sudce mole
cules, and loss ofap junctions my be an piphenome
non. Cowersely, metastasis nyarequire the malignant
cell to be &le to form gap junctions to arss the endo
thelium and inade a ne site Transkction of malig
nant cells with connen genes has allwed the demon
stration tha gap junction &pression can si@ growth in
culture and in wo. Naus pesented some of thesetaa

cal actvity, excessve electical transmission has longobtained with a malignant glial cell line: pdprcoupled

been a candida causeThere is little evidence to sup
port sucd an etiolgy, and the nmber of diferent possi
ble “lesions” in ecitability mechanisms thia could
cause pilepsy is lage, induding Hock of inhibition,
loss of Nd inactivation, loss of K activation, and in
crease in the uimber of elecical syngses. Of pdicu-
lar interest in Calen’s presentdon was tha ephaptic,
(nonsynatic, electical) medianisms ppear to be im
portant in a least somep#eptiform actvity. The time-
course of tansmitted potentials sggsts cpacitdive

cells gew more rapidly; well coupled cells ggw more
slowly. A further fascinading result was tha growth of
poolly coupled cells &s educed kg conditioned medi
um from the same cells inhich coupling had been in
creased P transection with the connen cDNA. Less
well-coupled cells gow faster but medium fom Cx43
transkected cells educed this gwth. One could na
suppose thathe gowth regulaion is medided by an &-
tracellular signal thtais seceted moe efectively by
better coupled cells. Agn, we hare to ask \ka the



messge is, and Naus is pgressing twards its harc
terization.

The gap junction feld finally does hae a gnetic dis
ease causedybmutations in a connen gene; the pa
thology was unepected and is entiining as vell as
interesting in vha it does and does not shioln X-
linked Chacot-Marie-Tooth disease or CMTX, the
gene br conn&in32 (Cx32) is nutated Only after link
age anaysis demonstted the ivolvement of Cx32 was
it shavn tha this conngin is expressed in mpelin. The
gap junctions ae gpakently reflexive (between diferent
patts of the same cell) andeapresumed to immve in
terchange of small molecules bewen the peaxonal
cytoplasm and the outerost pat of the Stiwann cell.
Light microscopic imnunog/tochemisty shavs Cx32 &
peiinodes and Sumitt—Lanteman incisues, lt their
arangement has not beerlealy resoled in thin see
tion or freez-fractue electon micoscoy. Sderer
shoved dre coupling betwen inner and outer garof
the Stiwann cell tha was sensitie to gp junction
blockers, lut suprisingly failed to shw cytoplasmic
continuity between peiaxonal and penucear space
with labeled de&tran. Futher ine stucture studies a
required The question@mains as to ha is comnuni-
caed from outside to inside or viceewsa. And it is un
clear why loss of this commnicaion, which has no p-
parent efect on nyelin formation duiing growth and de
velopment, leadsventualy to denyelinaion and de
genegtion of newe fibers. In studies desitred by Kes
sler it was shawn tha in Wallerian degenegtion, prolif-
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in the @sence of symptontalogy in the tissues in ques
tion.

An animal model of CMTX ma shed some light on
these questions. Mécke desdbed a mouse in kich
the Cx32 gne vas disupted (“kno&ed out”) ty homolt
ogous ecombingion. As in humans, the miceeaquite
viable and ead young adulthood without efious neu
rological problems. (Wllecke did sg tha othes hae
seen eidence of newpahy in later life.) As predicted
there is a eduction in gp junctions in Wer, but une-
pectedy the epression of Cx26, hich is nomally co-
expressed in lier with Cx32, is also deeased (A re-
sponse of lier to patial hepaectony is loss of gp junc
tions by down-regulaion of both Cx26 and Cx32 bwt
cell division leads to compensay hypetrophy; a liver
lacking Cx32 mg shut devn its Cx26 &pression § a
similar medanism.) he major plgsiological difference
obsewved was tha glucose mobilizéon in response to
sympdhetic neve stimulation is reduced while the e-
sponse to glugon or noepinephrine is unaffected The
inference is thiacini ae innevated d one end and tha
neurlly released n@pinephrine acts ont on innewvated
cells in the Cx32 kndout animal, It tha second mes
sengrs diffuse to ivolve adlitional cells in the wild
type with nomal comnunicdion between heaocytes.
In addition, the Cx32 kndwut animals hee a somehat
lower body mass and a sliglytimodified diumal rhythm
in glycogen content of thever.

So wher is the ield after all this timeand where is it
going? W nav know most if not all of the conmén

erating Scwann cells ceasexpressing Cx32; insteadgenes anddr the most pdarwhere the are expressed

they express Cx46 mRN and in cultue ae coupled §

junctions vhose popeties ae moe daracteistic of

another connan than either Cx32 or Cx46.hEr is no
obvious relation of this svitch in conngin expression to
CMTX. Kessler also msented da shaving tha newe

growth factor can potect ajainst peipherl neuopahy

caused P microtuhule-bocking agents. The potential
for growth factos as a symptontia treament fr

CMTX must be consided The long ldaeng of disease
onset and gder suscptibility of long axons sugest
the possibility of inolvement of axonal &mspot, par

ticulary of the slav variety in which transpot to the &-

tremities could tak years.

A striking feaure of CMTX is tha the ony obvious
pathology is in peipheral nerve. Yet Cx32 is gpressed
in liver, panceas, kidng, cental myelin and some elec
trical syngses. In tens of suvival adrantage, Cx32 is
most impotant in peipheral newe. Its expression in the
other tissues does ngp@ear to povide much adlitional
selection adantaye, since it can be soell done with
out. If thee were an adantaye, its indgpendent selec
tion would hare to irvolve piomotes thd led to estict-
ed pression in these tissues withouteafting epres
sion in peipheral newve. This line of agument is inde
pendent of the question ofh&ther another conrim
compenstes br the dsence of Cx32. fle possibility of
dominant ngative forms of Cx32 thablock gap junc
tion formaion by other coexpressed connéns, is moot

However, connein distibution is not et fully chamacter

ized paticulary in the nevous system, and theample
of CMTX, Schwann cells and Cx32 sggsts caution. &/
know much more aout the biopiisics of @p junctions,
and moe detailed desigtions of conngin-specifc per

medion, gating and egulaion ae being deeloped As

medianisms of seetion and of egulation of the cell g-

cle become learer (and the penedility of different gap

junctions is better laacteized), the ole of gap junc

tions in these mrcesses will be detained Applicaion

of nav molecular eggents and tdmiques or identifying

and peturbing conngins will clarify their functions in
the nevous system. fnsgnic and knokout mice will

provide further indicaions of wher we can gpect hu

man diseaselthough the homogmus lesions do not-al
ways hare the same &dcts in the tw species. In an
case manipuldions of ggne &pression will allev exami-

naion of pahogenesis andeveal possibilities dr thee-

peutic intevention.
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