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ABSTRACT

Inténcellulaf communication between normal chick

embtyo'fibrbblésts'and betWeénjfierbléstSLtraﬁsformed

with Rous sarcoma virus in culture was studied with

intrécéilglar microelectrodes. The results of this "-

study”shdw that'cdupling is present between normal chick

- fibroblasts (including cells in mitosis) in proliferating
cultures and between cells in 'density dependent inhibited'
- cultures. In the case of cancerous (Rous'ttansformed)

fibfoblasts, the results further show that coupling'isv

presehf,whén the transformation appears in the Rous in-Q 
fected éé1ls and remains present thereafter in these cells.
Cbupling between cells in culturebis not an aftifact
of’ﬁhe'miCroelectroﬁe technique but is shown to be due
to‘@h&ﬂ% ability to form iow~resistance junctions. ' In
favoréble cases, the s?ecific resistance of the‘junctiqnal
membranes  was approximated using'a simple electrical equiva-
1ent‘¢ircuit of a coupled ceil péir° This specific re—.

sistance was found to be several orders of magnitude

smaller than that of the non-junctional membranes

(0;1251'~cm2 as compared to 400 £ —cmz). Possible effects



of low-resistance junctions on the behavior of'cellsvin’

cﬂlfuré éfé’discussed. The lability of therlow—resistance'
junctibné betweenufibroblaSts in culture haé;beéﬁ«demonu
strat¢d by shoﬁing that>iﬁjﬁréd fibroblasts feaéily uﬁ-
couplé'frbm'ﬁeighboringAéells withoﬁt iﬁtérruptingJéoupling
betweeﬁ héalthy uninjured cells. |
A method is presented to'éliow a study of the cellu-
lar morphblogy of previously electrically tested coﬁpled »
celISIWith-the scanning electron microscope. With‘this
teéhni@ue,lit wasvpbssible‘to show that cellular pfoceéseSJv
which evéntually reaéh neighboring cells; underlap them
and forﬁ.low-resiétancé junctions. In addition, during'
the éoursé of Rous sarcomé virus transformation the‘cyﬁo-
plasﬁic'processes of the infected cells shfink, the number
oflprOCesses decreases and become filémentous and eventualiy

diséppear, The surface of the completely transformed cancer

‘cellsﬁexhibiﬁ;invaginations not seen in normal cells. A

transmission electron microscopic study oﬁ the contact

area‘between\tissue cﬁlture éells previously #ested for

CQupling now appéars feasible with this techniQue.
Preliminary studiés on cellular mémbrane poténtiéls

of normal fibroblasts-in culture as measured with intra-

s



'1cellular mlcroelectrodes show that the potentlals of

lsolated cells ln prollferatlng cultures are 51gn1f1—

'-cantly lower than those of cells w1th1n a confluent

monolayer where cell lelSlon is inhibited. P0351ble

pe;meablllty‘changes to sPec1f1c ions are'dlscussed ae
cahses'for the\observed changes ih the membrane‘éoten?
tial valuee. |

fFinally, it is concluded that electrophysiological

‘ tools, combined with tissue culture. techniques, auto-

radiography and electron microscopy offer new ways;of'

'attackihg’the problems of animal cell interactions.
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INTRODUCTION .

Cells of multicellular organisms interact in special

and'rather cqmpiéx ways which distiﬁguish them from popula-

.tions of single-celled organisms, such as bacteria and

protozoa. ‘The growth and division of each differentiated

‘cell type within a multicellular organism must be régulated
‘separately. This is often accOmplished by means of chemical
»factors,fSuch as hormones and specific growth substances..

These facfors operating over large distances to modify cell

behavior are}often classified within a humoral system of
cellular interadtibns. Other interactions involve chemical
facfbrs.Which act'only over short distances,‘perhaps a few
cell diameters away. ‘These types of short range'interaétions
are exemplified in the induction of cytodifferentiation and

morphogenesis in embryonic organ rudiments, as studied by

- Grobstein (1964), Auerbach (1964), Lash (1963) and others.

In this case, one tissue type induces differentiation in

another tissue type growing in close proximity but without
cytoplasmic contact between the two tissues.
Cell - cell contact also acts as a regulating mechanism

in vivo and in tissue cultures of animal cells (Stoker, 1967;



ycurtis, l964); The effects 6fbcontact.éppafently arevine
hibitory.iﬁ'naturég acting'On cell movement (Abergrombie |
and Ambr&Se, 1958;vaercrombienaﬁd Heaysman; 19632 Abercrombie
: and Ambrose;‘1962;:Béréki and Belehraderk, 1965) and oh cell-
u1ar’di§ision (Abercrombie and Ambréée, 1958; Stoker, 1967).
Over the last six'yeérs'it has been established, ﬁainly
throughfthe'use of electrbphysiological methods, that a wide
 Variety-bf ce11é'Both.ig gigg and ig gigggbform‘iﬁtercéllula;
véontacté so structured as to allow direct flow’of'suBstances
from one cell interior to the next (Loewenstein, 1966;
Furshpaﬁ.énd Potter, 1968). The role played by this type of
cellular_communication;.as yet undetermined, may be bf im;
poft&nde’in mediating ﬁhese regulatofy effects onlpellular
movem@ﬁt_and growth.

5ﬁe'majqr objective of this thesis has been to investi-
gate electrophysiologically ionic cellular communication be-
tweén ﬁbrmal'chiékén embryo fibroblasts and between virus
tranéf@rméd fibroblasts, growing under tissue:culture céndi-
tions and to attempt to draw some conclusions about the
.correléﬁion between.the glectrophysiological fiﬁdihgs and the
behaviﬁr of these cells in tissue culture. |

A$ general background; a review of the literature on
ionic cqmmunigation or.éléctrical coupling between a variety

of cells is given, along with some comments on the anatomical



‘w

'“desdription'bf_varioué contact specializations; this is
‘then fdlioWed By>é brief consideratibnvof-thé evidence for
transfer of substances other than ions between cells in

_COﬁtaCE; and finally a brief description is given of‘some -

! ..

phenomena of cell interaction'in,culture which closely re-

‘lates to the material in this“thésis}

ELECTRICAL COUPLING

1. Excitable Cells.

Low resistance junctions were first discovered between -

excitable cells.and are referred to as electrical synapses

L B

or electrotonic junctions. Briefly, these electrotonic

junctions, unlike'chemical synapses, permit the passive
spread of potential changes directly from one cell to the

next. These junctions are known to exist in a variety of

excitable cells, both nerve and muscle. The most familiar

"~ is perhaps_thefvertebrate heart, where most muscle cells

have extensive low-resistance connections with their neigh-

bors.;‘Electricalvcoupling also exists in Several typesgof

smooth muscles.

Electrotonic junctions have been studied in the nervous -
systems of annelids, molluscs, arthropods, fishes, amphibians

and birds_(Bennatt et,alf, 1967). On an anatomical basis,
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much evidence hés-accﬁmulétéd from elé;tfon microgfaphslﬁhich
strénglj suggests:that Eigh; jﬁncfions, i.e., con?act7areés 
bétwéeﬁ céils wheré the extracéllulérspace_has:beeplocciuded,
are thé structural_bésis forAlow resistance coupling'between‘
excitable cells (however, séellater)f‘ For a more detéiled»

. accbunt:oﬁvboth the anatomical and electrophysiolqgical basis
for elgctriCal éoupling'betWeen excitable cells the reader is

' referred.to excellent reviewé'by Bennett_et.al.(1967) and

Furshpan and Potter (1968) .

2. Non—excitablé Cells

Befdre electrophysiological coupling measureﬁents héd
been applied to non-excitable cells, electron microscopisté
were discbvering tight junctions, strdngly implicated as sites
of électrical'transmission between excitable cellé;_in a -
 variéty,of non-excitable cells: Farquhar and Paladé's néw
classicél survey of junctional compléxes in mamﬁalianbepithe—
lia in. 1963 showed that tight junctioms (or zonula'o¢c1udénte
as gheyvdefined them) are avconstaﬁt feature of these com-
pleXES‘(Farquhér and.Paiade, 1963). Shortly after, investi-
gatorsvﬁggan acéuﬁulating'eVidencé_fOr low-resistance junctidns

between a - variety of non-excitable cells.



The low-resistance junctions of non-excitable cells,

like those of excitable cells, are sites at which potential

.Changeslspréad péséiéely and'directlwafom one cell't¢ the

next.xfThé méchanism of thié'eléctriCAi tfénsmiséionvcén‘ﬁest
be uﬁdeﬁsfdbd by“fifst cohsidering the case where two cells
are'closeionppoééd and where electricél transmission does
not oc¢ﬁf_és in the caée'ofvthe'cheﬁiCai syﬁapse.,'it is

experimentally known that the épread of ionic current along

~an axon is- interrupted at a chemical junction. No direct

electrical spread of current across a synapse can be detected
even thoﬁgh the two cells are separated by less than SOOX
(del Castillo and Katz, 1954; Hagiwara and Tasaki, 1958).

TWo'important<factors contribute to this as can be

* seen with reference to the circuit diagram in Figure la.

The first is that the two opposed cell membrane resistaﬁces

Req, Req act as a strong barrier to the flow of ionic current

from one cell interior to the next. The second is that the

ionic resistance (Figure la, RS)-of“the'synaptic cleft be-

tween the cells is low cdmpared to the cell membranes border-

ing it. Ionic current passing through thé pfesynaptic termin-

als ieaves by way of the 10w—résistance”pathway between the

cells -and essentiélly nOne'traveIs through the parallel



FIGURE 1
Electrical circuit diagfams illustréting the steady
state béhavibr 0ffﬁn60upled:(a) and coupled (b) cells.

The microelectrodes (ME) are used either to inject intra--

cellular pulses of ionic current or to measure the potential

difference Vy and V, across the membranes of cells 1 and 2. .

In(a) an electrical equiQaleht circuit is éhown of
two.Cells séparated bY'a.ibw-resisﬁance (RS) extracellﬁlar
space of 20095002 as is thévcase at a’chemiéal synapsé; The
eleCtgiéal circuit for two coupled cells is shown in'kb).?
In thié case'coupiing arises because the junctional mem—_‘
braﬁés have fuséd, occluding the extracellular space and
hence eliminatiﬁg the low-resistance pathway Rg (§hown in
(a) )n_as avcutrent pathway. The junctional membrane resis-
taﬁdé.Ré is several orders of magnitqde‘smaller than thé

non-junictional cell membrane resistances R, and R ‘Further

19

detailslare_described in the text.
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patAWay-(Rcivéﬁd'Rl);'twice through the high resistané¢' 
.vmembrané‘ofbthe ﬁbsﬁvSYnéptic cell. _.  -  ‘
‘Bdth 6f the'above'tﬁoIfactors'ﬁhichbprgventwelectrical
transmiséioﬁ at a Chémiéél'synaﬁse.are'alteré&'in»célls Which
ére electfically'coupled;' This'can'bé éeéh with reféfencé
.to the ciféuit'diagraﬁhin Figure'ib. vfhe low ionic fesis?
tance patHWay:(Ré invfigufe la)‘has been eliminated with the
forﬁaticn.of a specialized conﬁact betwéeh the cell membranes
which;ocglﬁdesvthe extracellular space betwéén fhém. The

opposed cell membrane resistances Rc>, Rc,. in the junction

2
region be¢6me several orders of magnitﬁde}smallerifhaﬁ eithef
Ry or-Rz.(seé Re in‘Figuré.lb);'fbr'iﬁstance, Rc may be as
small aé'lfl-cmz as compared ﬁo 1000-3000.-cn® for R; and
RZ'(Pa}ton et.al., 1969). Now when curfent is suéplied'to
CeiilZ;ﬂthe potential change in Cell 1 depends only on the
resisténces Rc and Ry. ‘For example, if Rc = Ry, the voltage
in Cell 1 would differ from that in Cell 2 by a factor of
bﬁly tWo.b o o |
fhis mechanism ofbelecﬁfical'transmisSioh orrelectrical
éouplidg as déscribed above has been found to opefate between
non»excitéble cells in a vériety oftissues,.including adult

and embryonic and in tissue. culture.



B A.'iAdhlthiSéues 

"-Kﬁffler_and’Pétﬁer ih 1964 reported electrical ¢dupling
betweén giiancelis:in.thé leech. These céils-é£e known to
- be eiécffiéélly iné#citable’(Kﬁfflef aﬁd Pﬁtter; 1964) .
llLoeweﬁsféih éﬁd.Kamofat about the same time demonstrated

tight coupling between salivary gland cells of Drosophila

. Lo . |
(Loewenstein and Kanno, 1964).

A variety of cells in adult veftebrate tissues are néw
known té be eleétrically coupled. These have been foﬁnd_in'
toad ufinary bladderv(Lpewénstein et.al., 1965) maﬁmaliaﬁ,
1iver'(Peﬁﬁ, 1966) aﬁd»amphibian.skin (Loewénsfein and Penn,
'1967)}’ Electrical junctions exist between amphibian glia
cellS'(Kuffler et.al., 1966), bet@een celisbin rabbit gall
.bladder, amphibian meningial membraneé and bétween cells in
the:epithelium of tbe small inteétine,of thé‘mousé <Furshpan
and Potter, 1968). Tight junctions have.been observed in
mos t éf.these caseé and although other jﬁnctidns are presént e
’in‘ééithelia, éﬁidence on coupling iﬁ éxcitéblévcells suggests
that»here also, coupling is a result of tight junctions
(however, seé Revel and Sﬁeridaﬁ, 1968, for a possiblé excep-

tion). - '"Septate desmosomes' which may be responsible for

coupling in some invertebrates such as Drosophila and the
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midge Cﬁifonomus Thummi (Eullivént and Lbe&ensteiﬁ,'l968) :
“have ﬁgﬁﬁbeen obéervediin vertebfates; For eXcel;ént re-
'vieﬁs qﬁ'the‘morﬁhology ofAjunctional'¢ontacts bééweén non-
excitégle'éells thé reader ié referred to Fawcett'(]961,
1?66), Farquhar.and_Palade (1963) and Furshpan\and Potter

(1968) .

B. Embrjonic Tissues
qu'resistance junctions aré now known to have wide

»distribﬁtibn'during development, as well as widespread
Occurrenge in adult tissues. Coupling measurements have
been made'in’various'embryos iﬁcluding'Squid, chick and
amphibién,‘ | . |

 :Iﬁ.the squid embryo where cleavage is meroblastic
.Pottéf ét.ai. (1966) found that from stage 10, thé'earliest
, studie&, through stages 25-26 (numbering system after_Arnoid,
see‘Pottef et.al., 1966), all cells tesﬁed (450) are elec-
tfiéallyééupled to the yolk cell. These include cells in:
the epidermis of tehtacle, mantle, fin, fummel, gills, outer
}olkeSéé membfapé and anal papillia; deep, ﬁgesumably-medo—
'dermal cé11svin the tentacle, gill and fin; developiﬁg re-

ceptor cells of the retina; cells in the otocyst, in visceral



'vbeating‘heart. They conclude that

g1

-and_optié ganglia, blood‘vessels, and in two layers 6f fhe :

1"

;..the’cytoplasm of the
embryo-isvé continuous compartmeﬁt for the current Q'carrying
ioﬁs,‘a compartment-isolated from extracellular space by the
high'resistanée 6f‘the non—junctional cell membrane..i;”
This st&tement appears to be true up to stage 25, since’
duriﬁg stage 25-é6 coupling between the yolk cell.and:all-
the tissues tested is lost. Howevef, there is evidencevtﬁat
like qellé of some tissues remain céupled to one another as .
is the‘qase in gill~epitheliUmh(Potter et[él, 1966) .
Sheri&an-(1966,-l968) has likewise demonstrated the.
presehcé.of Widéépread coﬁpling in the early chick embryo.'.
Low-resistance connections found in the same tiésue'are
ectoderm, notochord, neural'piaﬁe, mesoderm and Hensen's
ﬁode; ih;different tissueé,.coupling exists betwéen notochofd
and-néﬁral plate, Between notochord and neural tube, betweeﬁ
notochord and mesoderm. Parallel studies with the_eléétron

microséope carried out by Tfelstad'et.al., (1967.) on the

- chick detected only two morphological specializations, close

_ , o
junctions (apposed plasma membranes closer than 100A) and
tight junctions.

'Itoband Hori (1966) and Ito and Loewenstein (1969) have

shown that cells of Triturus embryos are tightly coupled



“from eafly:éleévage through mofulé_stages. jThéblatter in-‘
 vesfigatbe hévé démonétrétéd.qﬁite‘strikiﬁgly thgt even
célis'(ﬁaCfbmeres) isolated ffom the mofula and.f£om-ea¢h
other,.Wheﬁ manipulatedwinto contact rapidly'fofmyé_coﬁpled
system in'ﬁhich the plasma membranes in_ébntacﬁ.differehti-
éte,into'a low-resistance junction.

Célls of cleavage stages and blastulae (Slackfand
Palmer,f1969) and cells in later (neurula) stégés (Shéridaﬁ,

unpublished obsersation) of the amphibian Xenopus Laevis-aré

known to be electrically‘coupléa, as are the blastomeres

of Rana pipiens eggs (Woodward, 1968). And, finally,

extensiﬁe coupling has_been demonstrated in a few lobster
embryos at about the 100-cell stége (Furshpan and Potter,
1968). | |

It appears from the above findings that low-resistance
junctidﬁs’are not exclusively a'property'ofiadult tissues,
for eVideqply a large proportion, if not all,vof the cells
in eariy émbryos of.the invertebfate and vertebrate species

studied are coupled.

C. Cells in Tissue Culture

Electrical coupling between normal cells of established

mouse and hamster lines 3T3 and BHK in tissue culture was



first reported by Potter et.al (1966). Cells of the same
;;lin;é.tfaﬁéfbrmed'ﬁy polyoﬁa aﬁd-SV40viruses.Werefaiéo;
shoanto'be”effeétively coupled7byﬁthese-workeré. Since
.Vtheir.firstireport; Furghpah and ?oﬁter (1968)'h59é béf-

formed Coupligg experiments on cells in tissue culture to

Il
i

" include among ”nQrmal" cells; (1) primary cells‘from the
spleen,_kidﬁey; and heart of newborn micé.and from spleen
and kidﬁey.éf newbofn raﬁs; (2) fwo serially propagated
liﬂes of diploid human lung fibroblasts (WI—26 and a line
obtaiﬁed'from Baitimore Biological Labs); (3) a 1ine'§f
diploid minnow fibroblgsts'also obﬁained from BBL;
.(4)'seria11y propégated fibroblasts from'baby hamster
kidney BHK 21/13. In all cases the résults were the'samé, 
whenevet two cells appéared‘to be in contéct they were
effeﬁtively coupled, whether or not the cells weré sparsély
or denééiy packed. It is know that tight junctions fré—
unéntly.occur between fibroblasts_in éulﬁure (Devis and
James,,i964; Martinez-Palomo et,al;, 1969). This suggesté
that in tiséue culture célls, as well as those igrgigg, :

coupling is probably a result of tight junctions.

-Among the cells.transformed with carcinoegenic viruses
rhat these wbrkers,tésted were baby hamster kidney cells
(BHK) transformed by polyomaAyirué (Dulbgch% Py cellsj
Sﬁoker‘s“PyY) and mouse embryo cells CgTS) trans formed

/



either by PéiYOma or SV40.viruées, orxpoth;  Eledﬁricai_ t
éouplingvin:these'cells Was_indistingﬁiéhable from that of
the uﬁtfaﬁsférméd parent. Coupling was'é¥éo foun&‘between
BHK ¢e11svéhd~their polyoﬁa¥transformed'defivative‘(Py19),

between normal mouse embryo cells (3T3) and transformed

“hamster cells (Py19) ; and between BHK and Py3T3.
Two cell lines (S-180I, S-180-II) derived from the

Cfockef:ﬁouée>sarcoma (§-180), a transplantable saréoma
adaptedztb grow in culture were élso tested for.électriqal
coupling.  In both cell lines nearly all.cells remainiﬁg.in
the séme'medium for more than 4.or 5 days were well coupled;
However, replacing the old medium'By freshvmedium caused a
large déqrease in coupling between cells. This loss of
coupling;waS'first detected at about 15‘h§urs éftgr thé
'médiu¢~éhange and was maximal between about 24 and 28 hoﬁfs?
Coupliﬁg récbvered'progréssively over é‘few days, depending

on cell'dénsity (Furshpan and Potter, 1968).

It is of interest to note that in vivo cancerous cells

| thdh:héve been testéd by-Loewensteiﬁ and his,colleéguesklack
coupling. Loewenstein and Kanno (1967) tested both ptiméry
and transplatable bepétomas in‘which the tumor was excised
and'impéied with miéroelectroges in vitro. Coupling waé not
detectable between cells in éﬂy of the tumor.nodules, where-

as normal liver cells were ybil coupled.'(However; coupling

?

g
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_between‘ceiis ih;liver'tumors in vivo has been found by
.Sheridén, i968a)._'Thése fesuits have been ‘extended to can-
cerqﬁs thyroid épithelium (Jamakosmanovié and LoeWenStein;’
1968)1ah&'céﬁceroué human.étomach.epithelium (kanﬁo and
Matéﬁi, 1968); as weil as two lines of liver ééncer cells
and'ceftain X-ray ﬁransformed embryonic epithelioid'ceils
in tissue“culture (Loewenstein, 1968).‘ In no casé‘was_
couplingjdetected in the cancerous cells; whereas their
normal counterparts wéré"tightly'coupled. Recently,
Higashino, Borek and Loewenstein (unpubiished) have foﬁﬁd
coupling between cultﬁred fibroblasts transfofﬁed Ey X-
radiation.‘

/Tﬁus, electrical couéling between cancer cells has
.beeﬁ observed in some cases and not invofhers. These re-
“sults éuggeét that'evén with the supposition that low-
reéisfamce junctions play a role in growth regulatiom,
there.is ne reason to assume that ﬁhere exists a simple
?elationship between the‘iack of coupling'and the defec-
tive growth control generally féﬁnd among cancer cells.

(Furéhpan‘and Potter, 1968).
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"~ THE ROLE OF CALCIUM AND MAGNES IUM
IN THE FORMATION OF LOW-RESISTANCE JUNCTIONS

N
' The available information on the formation of low-
resistance junctions between various types of cells is scant.

The only systematic study on this problém was carried out by

Loewenstein (1967). He investigated_the formation of junc-

- tional communication between isolated sponge cells, Microciona

prolifera and Haliclona occulata. He found that within miﬁ-
utes aftér'two dissociated sponge cells weré brought into
mechénical-contagt, a 1bw-resistance‘junction was formed be-
.tween'theﬁ; catt, Mg++:and an organic factor, the Saﬁe
elements‘which are requirédvfor cellular adhesion (Galtsoff,
i925; Humphreys; 1963; Moséona; 1963) were found to be
necessary in this'juhction formation. 1In the absénée of
“either Ca+% (and Mg++)vor'the organic factor, coupling failed
to be ‘established; and.upon Withdrawal of the former, eétab+
lished -coupling was broken.

Loéwenstein has proposed the folldwing hypothésis to

account for the permeability differentiation during junctiomal

formation between cells (Loewenstein, 1967a): catt and Mg++

are detached from the junctional membranes once these are

incorporated into the intracellular compartment wherein ca’t

»
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' 5 ' L - -5 . ’

and Mg+f>a¢tivities are below 10 ~ (see Hodgkins and Keynes,

) 1957);-'The*driyihg force maintaining the low intracellulét
4+ ‘.' : +—+ N . .' . i o - : -, .

Ca and Mg activities is some form of continuous energy

..;ﬁependéhgvactivé tfanqurt of these ioms, out of the éytoav
\Plas@ ac?bss tﬁé'ﬁon—junctional membfane éurfaceéé and the
,stértérfof’the differentiation brocesseS'is the fbrmatidﬁ
_of'perijﬁﬁétional insulation, i.e., the seéling a:ound thé
1ibw-rési§téncé junction.

‘ Sﬁpport'fof_this'hypotheéis has been reported in one
cell sYstem.(Pdlitoff et.al., 19673.Loewensteiﬁ ét,al.,
1967) but not in another (Payton et,al.,'1969). Consistent
. with this hypothesis'are the findings of Politoff et.al’
(1967, 1968) which show that junctional membrane permeabili-

ty between salivary gland cells of Chironomus depends on a

supply of metabolic energy. Exposure of these cells to low
temperéture or to various chemical metabolic inhibitors, such
as dinitrophenol, cyanide, oligomycin‘and N—ethy1ma1eimide
causes uncoupling, whereas ouabain, the specific inhibitor

of Na' and K —activated ATPase does not. Moreover, intra-
cellular injection of ATP prevents uncoupling in the case

of dinitrophenol..
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Also consistent with the above hypothesis are the ob-

servations by Loeﬁensteiﬁ (1966) and Loeweﬁstein et.al. (1967)

‘that raising the cytbplaSmic Caz' concentration by injecting

+ L | ; ;
Ca2 ions into salivary gland cells of Chironomus with a fine

‘micropipette causes sealing of the juncfibnal~membrané$‘(equi-'

valent injections éf otheffions such as K+'prodﬁcé no sealing).
However, in énothér cell éystem evidence for an'énergy

depeﬁdént junctional permeability was not observed. ‘At the

electrical Synapsesvlocated‘at the septum of the lateral giant

axon of crayflsh (Procambarus) Payton et.al. (1969) have shown
that lowerlng the temperature from 20 to S C  rapidly causes

a four fold increase in junctional membrane reSLStance . This

effect differs from that observed in Chironomus salivary

gland_céils, where uncoupling has a slow onset and is associ-
atéd Wifh'conSiderable dépblarization of the cells (Pdlitoff
et.al., ]967) Payton et.al. (1969) state that the relatlvely
rapld time course in the septate axon suggests that there is

a difect effect on the junctions themselves,‘(i;eag such as
membraneé gtiructure at the junction being affected by tempera-

ture) rather than an indirect action through a reduction of

metabolic pumping, as postulated for the Chironomus cells.

'At.present too few experiments have been reported to

critically evaluate Loewenstein's hypothesis..



'CELL - CELL TRANSFER OF MOLECULES o

That'substanCes other'than inorganic'ions might a130'

: dlffuse between cells by way of low-resistance Junctlons

was suggested‘early in 1964 by Kuffler and Potter ‘and by

~.Loewenste1n and‘Kanno.

_ _ o . v
Physiological tests for cell-to-cell transfer in a

number of cell systems have been made by injecting fluot-
escent substances intracellularly through micfopipettes.
Fluoreécein (molet@ 332) has frequentlybbeen used as a
tracer for these tests because it can be detected at wery
low concentrations by flnorescent'microscopy. At these
low_concentrations this water solubie dye does not‘appear.
to be'hiéhly toxic to the cells tested,though this dye may

blnd,'to some extent, to components of cytoplasm (Gurr,

. 1960) Cases in which coupled cells exchange fluoresceLn
_ ratherurapldly are those in the salivary gland of Droso--

.'thla'(Kanno and Loewenstein, 196&);’at the electrical

synapse of the crayfish (Paﬁpas and Bennett, 1966) and at

the same synapse in the lobster (Furshpan and Potter, 1968).

Cells in tissue culture which have been tested and have

been found'to transfer the‘dyevinclude BHK 21/13, thHe

‘ transformed cells PyY and the sarcoma cells (S 18011)

(Furshpan and. Potter 1968).
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One exception to the spread of fluorescein between -

mcoupied ¢e11s has recently been reported by-Slack,éhd_

Palmer (1969). 1In cleaﬁage Stages and;blaStuiée up to

stage 7 in Xenopus Laevis eggs,'fluorescein_iﬁjected into

a cell‘spread to_thé margihs‘of the injécted cell but no
fqrtherﬁ, COupling_was present and was unaffected by'the
p;esence.6f fluoresceiﬁ. Thevpossibilify that fiuorés—
cein may bind strbngly to some cytoplésmic qompoﬁent

in thiS'éase muét, as the authors themselves sﬁggest}~
_be considered as ome explanation for ‘the dye's inabili-
-ty to diffuse across the junctions; Another pbssibility%
howeVerg_is that onlytﬁery smallvaﬁdunts of fluoreééein
.diffusaithrough the junction and was not detected."
Whatever the explanation, this case is the bnly éxcéption
.among'thOSe cells tesﬁed with fluofescein to date. In |
.the abbﬁé”éases invwhiéh transfer of the dye pccﬁrs it

is not‘kﬁow if 'the dye passes from.one‘¢ell to the‘next'
throughtldw?resisténce junctions bf by:othef'rbutes.T

The experiments demonstrating rapid cell-to-cell

transfer of fluorescein complement recent experiments on

intercellular transfer of molecules using a genetic method.

' Both Subak-Sharpe et.al. (1969) and Stoker (1967a)have

i N
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'demonStfated_metébOIic copperatiQn between cellé in culturé.‘
Metgbolic-cgoperétion iénaefinéd as the process Whérebybfhé
metabdiism*of célls:in'coﬁtact'is ﬁodified by.eXChange of
ﬁétefials kSuBak-Sharpé'et.al;;'196é).

| Subakaharpe-etlal._(i969) have démonstfatedvthat_
cells of.a genetic‘variant of the hamsfer fiBtéblaSt line
EHK 21 which lack inosinic pyrophosphofyiaseZaétivity
(termed IPP cells) and, therefore, cénnotAﬁormally in-
corPorate;V3H - hypoxanthine in cultufe,'dofin fact in-
cOrporgte this substanée when theéé 'deficiént cells are
in direct or.indireCt'contéct’With'cells of BHK 21 sub-
lines which have inbsinic pyrbphosphorylase activity
(IPP+ cells) and ‘do incbrporate 34- hypoxaﬁthine in cul-
ture, fCell;to~ce11.contact appears to-be'éssentia11fqr

this gain of a metabolic function by IPP” cells, for IPP~

~cells not in contact with IPPT cells but in the same dish

do not:gain this function. The transferred molecules
participating in this aré not knoﬁn bdt‘méy haVevbeén'
nucleotide, ngcléic a¢id, the enzyme or substanceé in-
volQéd invitg'synthesis-(Subak-Sharpe et.él,; 1969)

- Stoker (1967a) has now shown that‘the defective -

]_hamstér cells (IPP”) also incorporate labél when they are
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in conﬁacﬁ.with'ndrmal mouse gmbfyo éells,-jAgain, in-
"creased inéor§oration'doeé noféoccﬁr in TPP- cells in the
same dish which are not in.éonfacf.With normal méuse'ceils.'
Eoth;of the above resUlts.suggest direct trénsfef
of substéﬁées (pOSSibly including grbwth regulating mole-
cules) betwéen cells in ébntact;_ However cells5add<aqd ;
reﬁove'gfva£iétyof ﬁolécuies'in their_immediéte environ-
mént énd'thére'muét eXist a series of concentration gradif
enﬁs which extend dutwards'from the cell membranes; If .
these grédiénts_fall”off rathef abruptly_then'andther-
explanation of what appears fofbe direct transfef between
,coﬂtéctéd‘celis in culture may be the release and'absorp-v
tion of substances between cells whose cell membranes are
closely‘dpposed bﬁt not in conéact (Stoker and Rubin, 1967).
Further experiments are needed to. determine what role each
mechanisﬁ plays inttheutfénsfér of substances bétween celis.
Also, iIf direct traﬁsfer bf métabolic.substances dées occur
it'Stiil reméins to be.shown whether these substances pass
throughlthe low-resistance jqnctions'studied by the elec- v

trophysiologists,



COMMENTS ON CELL INTERACTION IN CULTURE

.Mammélién éells‘in cuiture éffect»theirvneighbors
in various ways; nThe.phenomen$n of inhibitioﬁ of move-
ment asédciated with cell contact iﬁzculture'has been well
.docﬁmentéd;(Abercrombie and.Aﬁbrose, 1958) and that of ééll
diVisién'sémewhat less (Stoker, 19675; The sensitivities
of normal cells aﬁd.tumdr cells to both of these phenomena
differ.

A. Contact Inhibition'of Movement

Abérérombie‘and Heaysmén (1953, 1954)'and Abercrombie
and Ambfosg (1958) studied contact inh££ition of movement
‘of:cells in culture a number of years ago. These workers
demonstréted that in the case of normal fibroblasts their
movement 1is regulated'by cell contact. Theée.contaéts'
occur when-ruffled'membrane of one cell meets a neighbéring
cell. Iime—lapse cinématography has shown‘that actual
”coﬁﬁacf" bétweenvﬁhe cells is requiréd for‘inhibition
" of movement (Abercrombie and Ambrose, 1958). .The films
show that ét points of contact'the active ruffled border
of ceilé is immobiiized ahd the cells then cease to move -

toward, or over, each other. Contacts between the cells
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Vusuéllyvbfeak af;éf:é‘peridd 6f_time._.However, these
iﬁﬁercellﬁlér adhesionsfappear-to be'very.stébie since
ﬁhéy do not break répidly. Ceils-appear'to be only abie
to rupture them aé a resu1t of a véry active membrane |
vaement on the solid substrate in a fegion of the cell
which is not attached to another ceil;, Considefablé
distortion in the shape of the cell occurs in the region . .
of coﬁtact'beforé fupture takes place (Ambrose and ForféSter,
1968)@ | o

The ﬁaking'aﬁd breakingvof cell contacts and regu-
lation of movement between cells as described above was
ébServed‘in many isolated sécondéry fibfobiésts Whiéh wére.
tested‘fOr.low—resistance junctioﬁs(this thesis). As Will
be shown in the results, coupling was found betﬁeen these
‘cells at all stagés of contact which were tested. |

Iﬁ_contrast to the contacﬁ Behaviorvbeﬁween normai_

cells, it was shown that certain mouse tumor cells are
not inhibited'by contact but'move'ovef one another and
alsd‘o?er normal cells (Abercrombie et.al., 1957). In
general;‘cells derived from tumors or transformed by
carcinogenic viruses are contact—inhibited to a lesser

or undetectable degree. However, some tumor cells appear
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to be‘subjeEt to contact inhibition of movement when in

' contact with normal cellé}~but not with one another

(Stoker, 1964; Barski and Belehradek, 1965).

BfDeﬁsity‘Depeﬁdent Inhibition of Cell Divieion

it»is RnoWn'that.nofmai celis'are_commoﬁly‘limited:iﬁ
their multiplicationbin surfeee cultures to a saturation
density which is characteristic of the cell type. When

fibroblasts that are sensitive to contact inhibition of

‘movement epproach saturation density, their proliferation

rate decreases and eventually épprOaches zero, provided
they remain in the same medium-(Green and Todaro, 1967).
This appearé nOtvto befcaﬁsed_by any limitation of ordinary
ﬁutrients, as transfer of the'population'by'trypsinization
(Levine et,al.,-l965) into the same meditm (Toda;o and

Martih,_1967), will result in the resumption of cell

divisi on of "density dependent inhibition'" (Stoker and

Rubin;51967).and_appears'to be enbther'contect-promoted '
-regulétion process.

A permanent decrease in.seneitivity to this type
of inhibitibn oCcure in manyitypes of tumor cells

(Stoker, 1967). Rous and polyoma-trans formed fibroblasts,

unlike their. parent cells, are known to grow into multi-
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léyer$ §f'cells,'iﬁdiéating[the absencé7df'inhibitibn
in cOmbietél& éﬁrfoﬁnded cells (Témin'andiRubﬁﬁ,f1958;_
Vogt ahd;Dulbécco;ll960;-Stokér*and'Mécphersén, 1961).(’
. Release from dénsity’depéﬁdent inhibition has been re-b
cently demonstrated on chick embrYO fibroblasts'infeéted .
with RQu§°Sarcomafvifus (Rubin and Colby, 1968) .

In light of the"differences’between Rousvéarébma qeils
and nofmal chick embryo fibroblasts with relation to the
| regulation processes deSCfibed'above; the stﬁdy prESented'
in this thesis was undérfaken to'détermine if ionic comf
'-municétion %nvsome way réflecté these'differenceéL More-
over, the only eiéctrical measurements on coupling.befweéﬁ
normal aﬁd transformed fibroblast cells in culture were
déne oﬁ_Cells many generations removed from the cells
.origihally trénsformed (Pottervet.al., 1966 ; Furshpan
and Potter, 1968). The phyéiological measufeﬁenﬁs on
.celluléf‘eoupliné duriﬁg the,eariy phaéé of fib:dblast
transformation are presented in this thesis. |

In addiﬁion,vthis thesis includes avstudy at the

scanning electron microscopic level of the contact
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morphology 'b_'é_tWéé‘f'l' palrs of ce1151n ’t'i‘ss.ué '-cult_ur'e wh:Lch
have p_reVi,-g;u's'l'_y'vbééh:__Checked ‘for j‘unctioﬁal'coopiiﬁg with
s’tandaﬁifdi' ele‘o-trophys,-i-"ologioal techniques. -

S
o
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MATERIALS AND METHODS

l Cell Culture' -

Falcon plastic tissue culture dlshes of 60mm outSLde

idiameter (approx1mately-21 cm2

bottom surface area) were
used in all experiments unless_otherwise_iuéicated.

The basic medium usedlthroughout the expefiments'was
. medium 199 obtained from érend Islend Biological'Compahy;
This medium was supplemented with 2% tryeﬁose phoSpheee
brdthl(ﬁifco), 1% calf serum and l%‘chicken.sefum (Micro-
N biologleel Associetes), and was designated medium 2-1-1.
Medium 2 1-1 was augmented with 10 unlts/ml of Penicillin G
(Llly), 5 mg/ml dlhydrostreptomyc1n sulfate (Pflzer) and
0.5 5 /ml fungizone (Squibb).

The balanced salt solution used fof all cell washes
and resuspensions was tris—saline-with the following com-
positioﬁ per liter: 3 0 g Sigma Trlzma Base; 8.0 g NaCl,
0.38 g KC1; 0.10g NaZHPO 1.0 g glucose, 104 units
penclllln;.S.O mg dihydrostreptomycin. The pH was ad- -
}jusfed ulth concentrated HCL to 7}4.' This solution had

a final osmotic pressure of 305 milliosmoles as measured

with a Fiske osmometer. ‘A Difclo 1:250 trypsin made tris-



saliﬁe*wasvused to?detach cells from the bottOm’Qf the dish
fdr.counting'(see'beIOW).

L]

. Chicken. cells désignated_as'"primary" and '"'secondary'

cells wefé used iﬁ'all experiments. Primary ceiis_are
oBtainéd'diréctly.froﬁ the embryo and are plated.once,>
'wheréas“éécondary'Cells are oﬁce replated primary célls;
Primary cells were prepéged és_follows: tén daj old

White Léghorp Strain 813 chicken embryos wgrevused. The
 embryo‘Was carefully removed from the shell, iﬁs.head’and .
Viscerévremovéd and discarded, the rémaindér‘of the embfyo'
1Was then.finsed with tris—saline, ﬁiﬁdéd with a scoopula |
and stirred magnetically.in 10 ml of 0.25% trypsin for
“approximately 10 minutes. Following this period, large
:clumps of cells were allowed to éettle fo‘the béttom of
the flask and the remaining trypsin cell suspension was
. poured into a 40 ml centrifuge tube containing 16 ml.éf
co%d 199, plus 4 ml calf serum. Six ml of 0.25% trypsin
was addéd to the flask and'stirréd‘continuallyvfor a fiVe’
minute period. The resulting clumps were again permitted
to settie out and the remaining solution was added to the{
centrifuge tube,  Thevcell suspension was then centrifuged

for five to ten minutes at 200x g and the cell pellet re-



30

'suében&edfin_ZOﬁl dflwafm 2-1-1 médium.v This.sélutibn.was
:allowed tb_éﬁand for five miﬁutes or sd to permit‘ény'large
- clumps to_setﬁlé out andvthe top fluid was then p&pétted g
into a’stéfilétest‘tube{ ' This suspension was counted in
a hemécyﬁometef and approximately 8 x 10° ééllé in 1.5mli
or leSSIW¢re seeded into 10ml of 2-1-1 in a 100mm diameter
plastic dish. These dishes were incubated in a 5%-10% COZ
air atmosphere (pH 7.4-7.6) at a temperature of 37°C.
After three to four days the medium was removed and thé': .
‘dishes'ovérlayed with 2-1-1 medium éontaining O.36%vagar
(Difco). |
' Thése priméry cultures were then procesSed in the

following manner to obtain what are called secondary

cells: ptimary_cultures with initial Seediﬁg of 8 x iO6
cellsﬂpgr plate Qere uSed after four to five déys of
incubation. The medium was remerd from the primary

cells which were then twice washed with Warm‘tris-saliné;'
Five ml 6f'0.5% trypsin was added and'the:disheé iﬁcubéted"
at 39°C fér from eight to ten minutes. The cells were then
geﬁtly égitated with a rubber poiiceman; pipette~-rinsed
once or twice and then pipetted into a 12ml centrifﬁge :

"~ tube. This cell suspension was centrifuged for three -

minutes at 200 x g and resuspended in 5 ml of warm fresh

»
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' mediﬁm 2:1-ig’ A'l:lOO dilutibﬁ éfﬁthié suspensibn Waé
éouﬁtéd.ﬁﬁ the Model B éoulter Counter'(Coulter_Electronics,‘
Inc;) and'éppropfiafeidilﬁtiénbwas made“to seed 2 x 1072
céllé.into}60ﬁm—diameter tiéSué cul ture plaﬁesﬁcontaining’
Sml'of 2:1-1.T'A11'éXperiments were done With,secbndary
ceilsvunlesS'chérWisé indiCéted.‘ Nearly'aii ce11s apﬁeared
to be f;broblasts?' Rous_safcoma trans formed cells were
.obtained by édding 5 x 106 foéus'forming units of the‘Bryan
strain of_Rousbsarcomafvirus (RSV)'per:60mm piate to fresh-
ly plated.norma1 secondary cells.in 2-1-1 (Teminvand Rubin,
1958§ Rubiﬁ, 1960) . - |
"L,Thé,nuﬁber of cells on a plate was determined by the
fbllowing.procédure: the medium was removed and the éléte
was waéhed’with 5 ml tris-saline. This saliné was then
'rembved and 0.5 ml‘éf_0.25% trypsin-was.added and agita-
ted‘to aésﬁre complete coverage of,the botfom éf the
dish by ‘the trypsin solution. The dishes were then in-
'cubated for 15 minutés»at 399C and Zml of tris-saline
was thén.added aﬁd agitatioﬁ was contindedvby repeatedly
pipetting the cell suépension ovef'the bottom of the dish -
with a handvpipétte. Depending on the number of cells )

expected; the suspension was either counted undiluted in-
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glass vials (Kimble #60930) or diluted with 7.5ml tris-
saline'énd then counted with a Model B Coulter'Cbunterf;

(Coulter Electronics, Inc.).

2. MechaﬁiCal Setup.

T6 inéure minimuﬁiVibfatgbn-of the microelgctfqdésf
in’thése_é#periﬁents;:a largé‘heavy wooden table was
mounted on specially designed shock mounts (Barfy Iso-
‘lators Y94-AB-150, Barry Controls; Inc.). .A heavy'meﬁal 0
plate,ﬁﬁiéh’wasfmdunfed on- four shock absofpent pads-ét'
eadh corner (Kinetics CofporaﬁiOn)nwéé.plaéed Qﬁ the.'
table top. Next, a,iéyér of ordinary packaging insdléQf
‘tion‘wire'mesh padding was placéd'én the large metél piatg.
Anothér‘mét51 p1ate dn»whichnwas'mounted’the mibromanipgf
lators,;Tiyoda.microséopevplus both cameras (see below)

‘and lead bricks (150 1bs.) were placed on the padding.
" A shelf near the bottom of the table was loaded with
vappréximétely-SOQ lbé. bf lead. bricks.

The electrodes were ﬁéld and bositioned at an angle of
450’With'singie and double Narishigo-Ménipulators'MMB and 
MMD4, téspectiVely (Eric Sobotka, ;né.) which were bolted to
the upbér metal ﬁlaﬁe. All positioning of the microelecfiodes

near the cell membranes was accomplished by a transmission

¢

7
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1 éébléia£tééHﬁent té tpe fine horizontal adjust of the 
.NariShigi:Manipuiaﬁors‘éndvturﬁed'maquaily at‘ﬁhe“frOnt'
of the table..|Wiﬁh this arfangement, mdvements as ﬁrecise
'as ;:miqfon or so appeared possible. Ailijoints oﬁ the
‘structﬁre.carr&ing the manipulatérs Werefco&ered with .
duxseal,(JohnSrManVille Co.)}whiph aided in reducing
the vibration.
The above_mechaniéal arrangement reduced vibrations
of the microeiectro&es satisfactorilyvas dete;mined with‘

a gravity accelerometer._ A pulse vibration on the floor

was reduced by more than 500 times at the microscope stage.

3; thical Setup:
| A bésic Tiyoda Microscope #20200 wasluséd tﬁrpugh—
| out these‘experiments. Zeisé Phase Optics»(cqndensér,
xﬁOﬁaﬁd XlO‘objeétives) were added to the micrbscoﬁe to
improve thé optical image. Two of the three photogréphic:
ports.contained gameraé, a Polaroid in the_left port and
a BSmﬁ Leitz camera in the right. The optical image
could be sﬁitched from one pbft to another by moving the

internal prisms of the microscope. All photographs of the

cells were taken within a few minutes after microelectorde

penetration.
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4. Electrical Setup

It was ﬁeceéséry to take great care:in thé’prOduc-_
tion of high résistancevglass'micrbeleétrddés which had
Jow tip potentials and which did not exhibit erratic
Eehévior-when current‘was passed tthugh them. (Therefore,_
the steps.in the miéfoelectrodé production ﬁillvbé de-
scribedin detail.)

LOﬁg pieces bf Kimble Glass #46485 of 0,7;L0ﬁm
‘ insideldiameter_wére cut into approxiﬁately'ilcm;segmehts3
and'wé:e'washed thofoughly in a 1% solution of 7X deter-
geﬁtI(Limbro ChemiCél‘Co})."The pieces of glass were
then_rinsed well in distilled Water} 'They were boiléd _
‘in distilled water for 10 minutes, and then boiled in
0.12 N HCl for an additional 10 minutes. The capillary
glassiéegﬁents were then rinsed once again in distilled
- water,‘boiled in ‘triple distilled water for the same
period §f time andvthenvbbiled in ethyl alcohol (apprdx-_‘
imately 90°C). The ethyl alcohol was poured off and the
segmeﬁtsvwere putvinva covered petri diéh and placed in
the oven té dry. Thevcleanéd glass tubes were stored in

a stoppered test tube.



The. glass micropipettes were formed on a conven-

‘tionélfhorizontal microelectrode puller. (John Keefe,

Assoc., Cambridge, Massachusetts).. The resulting micro-

\
electrodes'had a tip diametef of O,lytkas determined by

' the ééanﬁiﬁg electfonimicrdsédpg. _Theywere fiiled (see
_ beloW) with a SOIution of 3MKC1 which was:fréshly pre-
pared and millipore filtered (O;ZM,size filtef).for each
new batch- of miéroeledtrbdes.. The pH’of-the filling -~
v'soluti§n‘Was:adjusted to 7 by addingxfreshly millipore
filteréH,KQH as it was foundfghat:ﬁhisvgaQe electrodes

with low tip potentials and the desired resistance.

The electrodes were filled in the following mahher:

~after being pulled, the'electrodes were plaééd tip_doWn
into thé-filling solutioﬁ in a polystyrene'container.
After approximately 15 minutes to onéjhalf hour the
filling‘solution had moved intd the tips by capillary
,i action, filling apprbximately lO-ZO&m of the electrode
cylinder from tﬁe\tip. Triple distilled watér was in-
jected into the back of the/microelectrode with a #31
guage neédle énd-syringe, The resulting distribution |
of liquids in the microelectrode was 3MKC1 filling the

tip regi0n and triple distilled water filling the rest

35
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.of;thedcylinder, except for an air space;twhich_separated
the:twe‘solntions.' The container nith‘the ﬁicroelectrode
.tlps Stlll in the 3MKC1 was then covered and placed under
an lnfrared heat lamp for from six to elght hours. ‘

' Duelto the establlshed heat gradlent resultlng from
Ithe heat lamp and the dlfference in vapor pressure between
BMKCl’and.triple distilled water, Water.in the pipette.v
'.evaporated'from its bdttom'surface'and condensed on the
top - surface of the 3MKCl in the tip reglon Thls”in.
effect caused the air space or "bubble" to apparently
move up the narrow tip reglon to near the shoulder of .
the mlcroplpette  After six to eight hoursbef this actien
the bubble was expelled from the micropipette by stlcklng
a flnely flame etched tungsten wire down the- plpette and
poking it around the bubble,_ |

-,After this air space had been expelled, BMKCI ﬁas 1
injectedvinto'the pipette replacing'the’distilled water;p'
The pipettes'werevleft'with their tips:in thedBMKCl-fcr
approximately one hour before being used. Microelectrodes_
‘_”produCed in this Way usually had tip potentials'of'aboutti
_va and resistances'of 50 tOISOMﬁ...'They were stored

for no longer than one day after being made, since.after



this period tbe majorityvefvelectrodes were unusable.
»Only,microeiectrodes'produced'by ﬁhe above érocedure
vwefe'used'infthe experiments,reperted»here.u

_ Dufing the cdﬁrse»of any experimeﬁt if’either»the
noise_recdrded by the_miéfoeledtrode increesed or the'tip.
potential.changed, the micrqelectfode'ﬁas discarded end
?e;laced by a fresh one. The resistance of the micro-
jeieCtrbdes was ﬂeeessarily high, because it?wes'fdund
thatvpenetration of‘the fibroblaets with electrodes of
resistence 30ML or under'ceused irreversible cell
demaée, presumediy due.te the‘lerger tips associated
.with'lew-gesistanCe eleetrodes, and this prevented 1ater
prOcessiﬁg-of the cells for the scamming electron miero—
scope. It is unlikely that leakege of 3MKC1l from micro-
electrode tips into cells caesed any cell damage_through
OSmetic effects, siﬁce,in similar situaeions leakage is
known to be in the ofder of 10'-'14 moles/second (Eccles,
1957). In.these expe;iments cell penetrations lasted no
more than one minuﬁe, thus_the-iﬁcrease in:intraeeilular
KClvdueeto'leakage is ineignificant.

A schematic diagram of the electrical setup is shown
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in Figure 2. The filled microelectrodes were connected to
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FIGURE 2. .

Eleétriéalbéetup uéed'for juncfioha1‘C§qpling mea- - -
sdrempntslén célls'iﬁ tissue culture.. The recdrdiﬁé :v‘
‘amplifiers are high input‘impedance field effect tranSié— |
tor amplifiers. Veal is a low}impédénce'voltage source
connected to the reference electrode to introduceicaiif
brating pulses{: Switqh S is used to simultaneously -

- connect fheAfecording_micrbelectrode (ME-1) to a constant
'currenﬁ stimulator I (after.Béird, 1967) and connect
»ﬁhe recbrding amplifief to ground. " The microelectrode f
current pulse is measured aé a voltage drop across tﬁé

IM Qlinput impedance of a Tektronix oscilléséope.

-
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segmentérofvpélyethylene ﬁubing which fit over thé.topv"
endfof;thefpipette'and were filled with a 2% agarj(DifCO)
- in 0;9%.sélihe salution (physiologicaIWSaliné). This |
‘agar ééiufion ﬁadé'ebﬁtaét with the 3MKCl,inside'theuelec—
'trodé_forming_a liquid-liquid junctiéﬁ.i The.Other eﬁd df
the.tubing-withthe agaflsolution wés inserted intq a
%cc.~piéstic syringé which acted as’a reéefvoir contaiﬁing
physiOlogical_saline. Reversible Ag-AgCl electrodes were
inserted into the'saline reseerir'and connected to the
inputs'of the reéordiﬁg ampiifieré or the édfrent stimu-;i
lator (Seebeiow)f' |
Thé reversib1e electrodes used in these experiﬁénts ;
were made in the following way: 25 mil diametef'Silver
wires of 5 cm lengths were cleaned by first sanding withvi.
ﬁedium gfade émery'cloth; then dipping in hot éoncentratéa
‘nitriczacid and'finally‘rinsing invdistilled water. Thei
wire segments were'éonnected to the anodé bf:a-l,S Vo
battery-in sériesiwith a.SOO.ﬁL potentibmeter'Which limi;
ted the éurrent density to.approxiﬁately 5 mé/cm2 (éee -
below);.'The potentidmetér was connected to]a platimuha
plate ﬁhich acted as the cathode.‘ Boﬁh the silver wire

and 'the platinum plate were dipped into 0.1N HC1 which



'_:Wéé’esééntiallyfbromide free és.tésted with the fluor;
eSceinimethOd‘(fludresééin tﬁrns réd'in_Solutions‘withf
minute gonéentrationS'of bromide).-‘The‘poIarity of the
pafteffvwaé'revefsed thréqghjﬁhréé completé:cycles of
foné‘miﬂute périods. Current densiﬁieg of approximételyv

5 ma/c"m2

gave the stablest low resistance reversibleb
' Ag-AgCl electrodes. _These'elecﬁrodés were kepé in
physiological saline until used.

The reference'eleCtrode'syStem-consisted of a 2%
:vagarhbﬁysiologiéél saline solﬁtion‘filiing é segment of
poiyethylene tubiﬂg, one end of which was plaéed iﬁ thé
medium withiﬁ the éultufe dish and the other end pléced
into a rééervoir'qontaiﬁing physidlogical saline and a
revefsible’Ag-AgCi electrode. This:silver-silver chloride
électsodé was connected to a grass stimulation isolation
unit and a grass'Modél S4 stimulator which delivered a
calibra?ion pulse_intb the recording system (see'Vcal;
.Figurevé).' | |

Ehe'voltage'récofdiﬁg'amplifiers were‘speciélly de~-
éignédvfof thé‘eleétrophysioldgical measurements reported
in this thesis and are described in detail in Apéendix I

Briefly, they were negative capacity compensated (see
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: _Appeﬁdix_li), unitYanjin, high input mp_vedanlce (101;212.)‘ n
‘operatiOﬁal émplifiers with gate'cﬁrrent<(10f11»amperés’ '
' andvldw'drift <5 mv per %Vhéur}. 'The‘électrode fésis— | Y
‘tdnce‘wasléaSi}y monitored at.ényvéime'by a sﬁécially.:
designed}cirCugtvused to apply.aftfiangulaf~wavé_th?ough'
a ZpF.éapacitor at théfinput of each amplifier‘(see
Appendix I and III). |

| Two.micfoelectnodes-were uSed:in the_e1e¢trical'
coupling measurement, one iﬁ'each.celi; ‘Thé outP.Ll,t of, ;
one miéroeiéctrode cduld be switched from the récéfding
input of bne'amplifier to a photo diode coupied constant -
-currenf'stimulator(after Baird,’l967) (see switéh S in. 
-Figure 2). This'cﬁrréﬁt‘stimulator was used to apply a =
pulse-of_current'of varying duration and amplitude into
- or out of the cells through one microelectrode. The
microelectrode in the other cell detected any.vo1tége
respbnse'due to the_applied_cufrent’invthe firét.v'

The current:pulse was measured as a voltagé drop 5  
across'fhe MO input‘impedancé of the bécilloécépe.
Both thé.current.throﬁgh and the voltage reéorded by thev‘

microelectrodes were displayed on a dual beam Tektronix-

502A and four tracé_storage Tecktronix RM 564 oscillo-
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scope éﬁdbphotbgraphed with a Polaroid'camera} }Thé oéciii-‘
»oséépefﬁéémvsweepé'wére.friggered by a pulsé}ftdm a.\
‘Iekttonik_léé Wavefromhgenerator;,=Thié pulsg~pfeceeded.,
'giﬁ'timé and Was”éynéhroﬁizéd With thé coﬁstantl¢drrent
-pulse}‘"Thé'calibration pulses fro@'a'erass Model S-4
stimulator were'also éynchronized to'this’pulée; Cellﬁ-
‘lar mémbrane potentials ﬁefe recorded Oﬁ a Hewlett Packard-
Moseley17160‘BM'two'chanﬁel strip éhérf.recofder; | .
_IThe_Whoié'eleCtrical setup was isolated frém'electfi—
:cal iﬁterférence'by'placing it in a large Faradéy cage.. .
}Ahy interfefénce ffdm'the'Tiyoda light_sourée @as.also
eliminéted’b§ sheilding to ground the entire light sourcé.
With this arrangement, inﬁerferencé voltage fluctuations .
of no more than 10y were present.

The chémber pontainiﬁg the cells to be inQestigatedf'
électrophysiologiéally wés:the same 60mm bﬁter_diaméter >
tissuevculture dish in whiéh the cells were incubétedv
beforehand. All;eiperiﬁéﬁts wéré done at'rbom.temperaA'
ture ?59-27§C. Thevexpefiméﬁtal prbceddre Zor both the
electfo?hyéiology’ahd subsequent'fixation were as follbws:

the culture dish containing the cells was removed from the
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: thé'inéﬁbé£6r and4tHe bﬁftoﬁ poftidﬁi(toﬁ'remdﬁea) Wasif 7
vattachea By"meta1 hoPks'aiong its rim to theéstagé»of the
'Tiydda mi¢roscopé. »A:gentie flow of gaé.(lO%”COQF; 90%_
_ air;Bubbled.through Watér) was establishedvacr69s'ﬁhe
culture mediuvahich'maintaiﬁedwthe pH in the réﬁge 7;4{
7.6. EQaporafibn was minimal. The microelectrodes which
had already been placed near the culture”dish'wére cbarséiy,
PoSitiOhed near the bottom of thé'dish_uﬁder'xlOO'maéniF 
fication. They Weré'then'pﬁsitione&.ﬁy the traﬁSmission1 B
"cable éffangement onto the cell membrane ét x640 magni—v
fication aﬁd the final"introduction of the electrodes
into the cells was done by gently tapping the mefai coi_;
umns hblding the micromanipulatoers., Entry into a cell
was signalled by a ''stable” negative resting potentialv'
with'réépect to the reférence electrode systém. In the
experimﬁnté reporﬁed here a ”stable” membfane'potentiali
was defiﬁed ésfone whiéh remaiﬁedvconstant.at'its origihél
value for five or more seconds.

For éoupling measurements bne electrode Wasvintrbducéd
into a ce1l and the résting potential was noted as being

stable or not: if stable, the other microelectrode was -

«
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then inﬁfdauéed in;ovanothérICell; if not; another cell
' was foﬁnd. If boﬁh membrane pétentials-remained'approxi-_
matelyfconétéht, a pulse of’cufrent_Was paésed throﬁgh
‘_pﬁe,céll'bj switéhing the‘mic;oélectofdevto the conétaht
current stimulator; The véltagé_responsé was detected .
:_by thefotﬁéf micrbeieqtrode'im thé~conﬁected cell:

Early in_the course of this work it was bbserved'thaﬁ
the membfane potentials of coupled cells afe interdependént;.
With an electrode already'inéerted_into oné:cé&l, penetra- -
tipn:of.a neigthring cell with a second microeledtrodg
causéd an instéﬁtaneous‘and transient fall invthe mémb;ane
poﬁential df the first cell. This résults frbm'slight‘
damagé'to the surface membranes of the second penetrated
,éell.vt"Sealing” in of the second electfode was accompanied
by a rise-of both potentials to the same level. 1In the
voltagé records for coupled'cellé presented in this thesis
restingvpotential of thé first cell penetrated did not
change by more than 2mv by the intrbductibn of fhe second -
eléctéode into the cherYCell."In one respect this inter-
dgpéndénCe of cell membranejpoténtials which was observed
in all éoupled cells was taken as support for the validity

of the coupling measurements. Experiments lasted as long
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’aswﬁhrge.hours or more without there béihg-detééﬁable
'decreésés in eithe:.cellular ﬁembrane¢potentiais or
coupling_potentials;. Novexperimen£ w§s-carriedbﬁt fbr

more than .three hours.

Fixation and the Scaﬁning Electron Microscope

| vAfter the electrophysiological measurements were made
on the fibroblasts; the'microeléétrodes weré:remoVéa and
the micrdscope_objective was rotated.out'of the way and
.a Zeiss diamond markervwas brdugﬁt fo the bottom of thé'
plasfic“petrievdiéh and a ring 6f approximately lmm in
'diameﬁér was insCribed around the cell pair which weré‘
shown_to be coﬁpléd the moment before. This riﬁg per;
mittéd the relocgtion of ﬁhe éell'pairs at every stage'
in the fixation.process.

Within one to”two.minutes éfterwthe electrical mea-
surementévwere made, the dish was removed from the micro;
scope stage. The cells were then fixed for later viewing
in ﬁhevséanningjelectron microscope in the following way:
the ﬁeaium was aspirated off and the cellsrwere carefully.
washed in room temperature tris-saline buffer for approx- -

imately two minutes. The buffer was then carefully



o ésbifatedﬂoff,and'the;bdttgm'of»the plaétic dish on

which thg'Cellsﬁwere attached wés inverted over a drbpi

Aof i%'OS04fiﬁ'buffer solution.’_Thejosmiﬁm Qapor was

allowed to fix the cells for 10:minutes, These célls

were then washed once'in'buffer'501ution’and 5 ml of a

2% glutaraldehyde buffer solution was added to the dish.

' The:cells‘were képﬁ.at 49C for 24 hours.

v'_After'thié_period'the cells Were'carefully-washed_

,tWicé'in'buffer for five minutes and theﬁ_post fixed:“'
"in 5 ml of 1%»0504 buffer solution for onme hour. The
cells were then washed twice in triple distilled water

for five minutes each. At this stage a two cm.diameter.

éircle‘contéiﬂing the ceils was removed fgom the bbtﬁbm
of tgé dish.v This was égComplished»by uSing a heated
metal.cifcular die. The temperaturé;checked wi£h'a |
sensiﬁive thermocouple, on the toé surface of the cifglé
containing the éells:did notvriée-aboVe ZSéC’as the__:-.

circle was burned out. fAé judged by_a.compérison,be—

tween the phéSe_contraSt phdtographé‘and the Iate

scanning electron micrographs, no cellular damage resul-

ted from this prbcedure.
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The cells onithe plastic circlé”weré?theﬁ serially
-dehydfatéd'in'Sb%,‘70%, 80%,.95% andeabsolote ethyl
alcohol for 10 miﬁuteé each and wefé then left to air
~dry for 24 hours in the refrigerator at 4°C. After |
this perlod a thin layer (approx1mate1y 5002) of elther
pladlum/platlnum alloy or gold metal was vacuum evaporatedi
onto the plastic disk Containing the fibroblaots, -Theu o
coated disk was theh viewed under a'microscopevat low .
power and‘an arrow was . scrlbed with fine forceps p01nt1ng
to the coupled cell pair.: The arrow tip was located
approximately 50-100 y, from the cell pair.'fThe arrow;'.
aﬁd subsequently, the.cell pair were located in the
scanning elecfron microécope with relative ease. A
Jeoloo Model JSM scanning microscope with a 45° inclined
stage Was“used at an accelerating potential of ZSKV-andﬁ.

% Speoimen‘current of 2 x 10711 amperés; _Secoﬁdary
electrons were used to form the imagé and pictures Qere'

taken. on Polaroid film.-
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'RESULTS

.Prolllifera'tﬂion Réte_ of'_‘Fibr'o’tb‘_.lésts in Culture
- F{gﬁre-3nshgﬁéjthé proIiferation_fété of secondary

Ch%ck‘fibroblésts.f'After an initial fa11 in cell number

dué'té the_faiiure of many cells to adhere, to the dish

at biating, the number of celis'iﬁcreaSésbat:éuéoﬁstant

rate with a doﬁﬁling time of abbroximately_lS to 24 héuré.’

The.éells éontinué to divide at this raté until abégﬁ 90

to 120 hours in culture;.at which tiﬁe they form a con-

fluent ﬁonolayer. Furthér division of the cells’is}in-

hibited (saturation density about 10° cells/cm?). This

inhibition is not due to depleﬁion éf nuﬁrieﬁps in the

mediuﬁ.sincé.the same medium ié found to support diﬁi—

ding cglls. Also, it can be tehporafily overcome with

breplacement oflbld-medium By new which.causes a Burst

- of cell{di&ision to a greater_satufation density. This

inhibitioﬁ of cell pfoliferation in confluent cultures

occurs in.many cell cuitures and is thought to be a

process involving contact promoﬁed regulatioﬁ (Stokér5

1967).
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FIGURE 3.

Préliferatioﬁrgte df_secbndary qhickéﬂ-e&ﬁryb fiEfé—:*
»blastslplated at an initial coﬁcentratién ofv2;5.x 105:»
'cellsgintb 60%m.outsidevdiametef‘Féléon'piastic tissde
cultu;eidishes céntaining 5 ml df medium 241-1 (see
:Materiélé and Methods)l Thevcelis'wére trypSiﬁized and
counted at the indicated intervals. Ordiﬁate;vnumberlbf

cell! abscissa: hours in culture.
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Figdre 4a shé&s éells withithe typical fiﬁféblast_'
morphOlpgy in'anlactiveiy proliferating culture (48 hburs_hl
in culture); The cells are flat'(no moré than 1-5@; iﬁ.
thickness) and many,.if'not”all,'cells at this'stage_exf
hibit locomotory béhavior.‘ Simiiar cells are shbﬁﬁ in'.;
Figure 4b soﬁewhere_bétween 96 and 120 hours~invcu1ture.'
The cellé are closely packed with appositioﬁ of their
lateral surfaces aﬁd many cells lie parallel to one
another due to their geomeﬁry'(éee also Figﬁre 9).  fhiéf‘_
regular“érrangement of these cells inia conflﬁent monbléyefl
is béiieved to be a consequence of contéctvinhibition of

movement (Abercrombie and Heaysman, 1953).

A
[y

Electficai Coupling Between Secondary Fibroblasts
Coupling measurements between fibroblasts were made
as early as 12 hours and at various stages up to 120 thrs
in cultﬁre. |
Figures 5, 6 anq 7 shOerxamples of coupling befween
cells_24.hours in culture. Over 200 cells were tested'.
at this Stage and in every case when;ver two isolated

cells appeared to be in contact, some degree of coupling



53

FIGURE 4

(a) Phase contrast picture of living normal secondary
fibroblasts in culture two days. The typical spindle
fibroblast morphology is evident. One mitotic cell
with its chromosomes separated is clearly visible in

the field.

(b) Normal secondary cells between three and four days

in culture. The cells have approximately reached a con-
fluent monolayer in which further cell division is arrested
("contact inhibition of cell division'). The fibroblasts
line up in a parallel fashion with some overlap. (Phase

contrast).
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FIGURE 5.

Phase contrast photograph of two normal secondary
fibroblasts in contact (one day in vitro). Two micro-
pipettes (ME) are shown in the field. The electrical
records (bottom) indicate that the two cells are in
electrical communication. The positive calibrating
pulses at the left of the top two traces are 10 milli-
volts in amplitude and 10 milliseconds in duration.
These positive calibrating pulses are the same for all
subsequent figures. The white vertical bar in the elec-
trical record represents 20 millivolts for the top two
traces and 20 x 10-9 amperes for the bottom current
trace. Hyperpolarizing current is positive up in this

and all subsequent electrical records.
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FIGURE 6.

Phase contrast picture of two living normal secondary
fibroblasts (one day in vitro) connected by a thin cyto-
plasmic process. These cells are eletrically coupled as
is shown in the electrical record insert. The white
vertical bar is 20 millivolts for the top two traces and
20 x 10.9 amperes for the bottom trace. The top (control)
and middle traces are voltage recordings from the bottom
microelectrode (me) placed just outside and within the
cell membrane, respectively, while a current pulse of
5% 1072 amperes in amplitude and 56 milliseconds in
duration was passed into the left cell by the top micro-
electrode. Positive calibrating pulses: 10 millivolts

and 10 milliseconds.
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FIGURE 7.

Two electrically coupled normal fibroblasts connected
by a 50w bridge. Electrical record inset is the same as
in the previous figure. Middle trace shows voltage re-
sponse of the bottom cell due to a hyperpolarizing current
pulse of approximately 5 x 10'-9 amperes and 56 milliseconds
in: duration passed into the upper cell by the top micro-
electrode (ME). Top control trace in electrical inset
shows no response due to the passage of the same curren%*
pulse. Vertical white bar: 20 millivolts for top two
traces, 2 x 10-8 amperes for the bottom current trace.
Positive calibrating pulses: 10 millivolts, 10 milli-

seconds.
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was demonstrable. Figure 5 is a typical example of two
isolated cells which are coupled and appear in contact.
As is illustrated by the electrical record at the bottom
of Figure 5, when a 5 x 10_9 amperes - 56 millisecond
depolarizing current pulse (bottom trace) was supplied
to the inside of the lower of the two cells, the second
microelectrode recorded an electrotonic potential (middle
trace) when it was inside the upper cell, but not (top
trace) when it was just outside this cell. The membrane
potential (6 millivolts in this case) is seen as the
displacement of the middle trace from the top trace in
all electrical records. The top trace in Figure 5 and in
all subsequent figures is called the control trace and
was important for the following reason: it showed the
voltage response due to an intracellular current pulse
in one cell detected by the recording electrode placed
just outside the other cell. Thus, any voltage drop due
to the ionic current through the resistive medium was
shown in the control trace and this could be compared

to the voltage response due to the passage of this

this current through the cell membrane plus the re-

sistive medium.
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The wave form of the cell response (middle trace)
in Figure 5 has a rise and fall time of about four milli-
seconds and is similar in appearance to.the response of
a parallel RC circuit frequently used to model cell mem-
branes where the time constant is T =RmCm and Rm and Cm
are membrane resistance and capacitance, respectively.
In this case, however, the time counstant of the waveform
is complex and includes the two non-junctional membrane
capacitances and one junctional capacitance all in para-
llel with their respectives resistances shown in the circuit
of Figure 1b. Thus the time constant is not simply ¥ =RC.

Similar coupling measurements are shown in the sub-
sequent figures. Coupled cells in the process of separa-
tiﬁg are shown in Figure 6. The cells are connected by
only a thin cytoplasmic process and the ruffled membranes
which point in the direction of movement of each cell are
directed away from the area of contact. Figure 7 shows
coupled fibroblasts connected by a cellular process over
50 M- in length.

The current density due to the ionic pulses of current

shown in Figures 5, 6 and 7 (bottom traces) is well with-

T

in physiological limits. A simple calculation shows that



in the case shown in Figure 5, the current density

J= 0.25 ma/cmz. (Cell area = 2 x lO_ScmZ).

This is
about one-tenth of the magnitude of the ionic current
density observed during an action potential in the squid
(Hodgkin and Huxley, 1952). In no coupling measurement

reported in this work was the current density above

1 ma/cm2

Formation of Low-Resistance Junctions

It is impossible to determine from Figures 5, 6 or
7 whether the coupled cells are in fact daughter cells
connected by a cytoplasmic process due to an incomplete
mitosis or whether they are cells which have moved into
contact forming a low-resistance junction between them.
The experiment shown in Figure 8 was one of five experi-
ments demonstrating the formation of a low-resistance
junction between isolated fibroblasts in culture.
Figure 8a shows two mnormal fibroblasts apparently
unconnected and, as the electrical record indicates,
uncoupled. Figure 8b shows the same cells one hour and

a half later. The cells have moved together and within
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FIGURE 8.

The formation of junctional coupling between two
secondary fibroblasts. Phase contrast picture of (a) two
living normallsecondary fibroblasts (one day in culture)
which appear to be unconnected and which are uncoupled.
The middle trace in the electrical record to the right
shows no voltage response in the right cell dﬁe to a
current pulse of depolarizing current 8 x 10-9 amperes
and 56 milliseconds in the left cell. White bar repre-
sents 20 millivolts in top two traces and 40 x 10~°
amperes for bottom current trace. Positive calibrating
pulses in (a) and (b) 10 millivolts and 10 milliseconds.
Photograph of cells taken after the withdrawal of the
microelectrodes (me).

(b), same cells as in (a) but one hour and a half
later. In the electrical record the top control trace
and middle voltage response are at the same d.c. level
due to the decline of the cellular membrane potential.

A considerable voltage deflection detected by the right
electrode (me) due to the same depolarizing current as in
(a) indicates that the cells are now junctionally coupled.

White bar and calibrating pulses same as in (a).
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minutes after connecting have become very tightly coupled.
Note that in Figure 8b the ruffled membranes are in the
direction of cell contact (compare this with Figure 6
where the cells are in the process of separating).

Estimation of the Specific Junctional Resistance
between Isolated Fibroblasts

In a few cases where both surface area of the cell
pair and the contact area between them can be estimated
from the photographs, the specific resistance of the
junctional membranes can be approximated using the cir-
cuit in Figure 1b. One such cell pair is that of

Figure 8. For the calculation, Figure 1lb is reproduced

here in Figure 8a. The values of the current I= 8 x 10-9
amperes and the voltage Vo= 75 x 10'3 volts are taken
- = v?— —~ ‘69
Vz~75mv I;_ ﬁ:nﬂs‘&:mps
I7— II:'-I_I;_ 5
@ T = 4.7%10 amps
26> < R,.=20M0 Rm= 20152\ =1 R
amps _ 84mV

FIGURE 8a.



directly off the electrical record in Figure 8. The
non-junctional membrane resistance value R, = 20M{L

of each cell (shown in Figure 5a) are assumed to be

the same and are the upper values found in input re-
sistaﬁce measurements (range Q.TMIL - 20MQ) on approxi-
mately fifty single isolated fibroblasts ome day in
culture. For these measurements both the current
electrode and recording electrode were inside the same
cell and the ratioaVz/I was computed as the cell input
resistance. The wvalues V, I, and I, shown in Figure 8a
were computed from Ohm's law. The junctional membrane

resistance R¢ is given by:

_ V1 - Vy _ (84 - 75) x 1072 volts - 5 smn

Re
Iy 3.8 x 10”7 amperes

The specific junctional membrane resistance & can be

obtained by multiplying R, by the area of the contact

2

g " . g " -8 -
which in this case is estimated at 5 x 10 "cm“, giving:

re = 2.4 x 1070 -+ 5 x 10-8n? = 0.120-cm?
The specific membrane resistance r is:

gy = 20  10° - 2 % 105 = 4008- cn?

N5 : .
where 2 x 10 cm2 is the approximate area of the cell.

67
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it can be seen that re is' several orders of magnitude
smaller than r,. The resistance of the process between
the two cells in Figure 8 was not included in the cal-
culation. However, assuming normal ionic composition
within this process and a specific core resistante of
50 £l -cm (see Hodgkin and Rushton, 1946), its value is
less than one-tenth of the junctional resistance.

Coupling in Proliferating Cultures, Primary
Cell Cultures and Cells Cultured on Bacterial Dishes

Extensive coupling was detected between normal
cells at every stage (24, 48, and 72 hours) and between
cells which had proliferated into a confluént monolayer
(Figure 9). Coupling between cells within a monolayer
but separated by as many as 8 to 10 cells could be de-
tected. That coupling is not particular to secondary
cultures of chicken fibroblasts was shown by the fact
that primary cultures of the same cells were also well
coupled (Figure 10).

Coupling has also been observed between secondary
fibroblasts cultured on different substrates. Cells
plated on bacterial dishes in standard medium 2-1-1 adhere
to one another more than to the plastic substrate oun which
they move, subsequently, the pattern of cells assumes the

form of discrete clumps of cells scattered over the bottom
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FIGURE 9

Coupled normal secondary fibroblasts within a
confluent monolayer in which the cells have stopped their
proliferation - 96 hours in vitro. Current microelectrode
on the lefg (me). Middle trace of the electrical record
shows the voltage respounse of cell impaled on the right
due to current pulse of 11 x 10_9 amperes and 56 milli-
seconds in duration passed into the other cell. Top
trace is the control trace. Vertical white bar 20 milli-
volts for top two traces and 20 x 10—9 amperes for bottom
current trace. Positive calibrating pulses; 10 millivolts,

10 milliseconds.
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FIGURE 10.

Normal chicken embryo primary cells (top) electrically
coupled. Electrical records (bottom). Top trace is con-
trol. Middle trace shows voltage response of cell impaled
by the electrode (Me) at the right due to 4 x 107° amperes
and 56 millisecond hyperpolarizing current pulse passed
intracellularly through the left microelectrode. Vertical
white bar 20 millivolts for top two traces. 20 x 107°

amperes for bottom current trace. Positive calibrating

pulses: 10 millivolts, 10 milliseconds.
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surface of the dish. The electrical records of Figure 11
(a), (b) show that cells within these clumps have lo@lre-
sistance junctions between them. Figure 1lla is particuiarly
dramatic in that it shows that two cells impaled with
microeleﬁtrodes within a clump‘are tightly coupled even
though they are connected through 10 to 15 cells. This

suggests the likelihood that all cells within a clump

share a continuous compartment of current-carrying ionms.

Loss of Coupling Following Cell Injury

Since the coupling evidence strongly suggested the
possibility tﬁat coupled cells in culture might share a
continuous compartment of current-carrying ions, it was
of some interest to inquire whether the injury of ome
cell in a coupled system might lead to the short cir-
cuiting of the rest of the cells. This was not found
to be the case.

An example of uncoupling of an injured secondary cell
from its neighbors is shown in Figure 12. In (a) three
isolated cells are seen in apparent contact, and from the
electrical evidence in (¢) they are all coupled. The

microelectrode in cell 1 was the recording electrode.
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FIGURE 11.

(a), (b) Clumps of normal secondary fibroblasts in
medium 2-1-1 on falcon plastic bacterial dishes 60mm in
outside diameter (three days in culture). Cells separated
by as many as 10 to 15 cell diameters (a) within these
clumps are well coupled as indicated in the corresponding
electrical records. Top traces in each record are control
traces. Middle traces show the voltage response of left
electrode (me) to an intracellular pulse of anodal current
in the right ﬁicroelectrode (me). In (a) the pulse of
current was 28 x 10-9 amperes and 90 milliseconds and
was passed in both directions; in (b) 12 x 10-9 amperes
and 90 milliseconds. Vertical white bar in each record
is 30 millivolts for the top two traces and 20 x 10-9
amperes for bottom current traces. Positive calibrating

pulses are 10 millivolts, 10 milliseconds.
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FIGURE 12.

The loss of junctional coupling after cellular injury.
(a) Phase contrast picture of three mormal fibroblasts
one day in culture each in electrical communication with
the others as seen in (c). Vlngeforé)shows the traces
of coupling between ce11-2 and cell 1 before the destruc-
tion of cell 2 with microelectrode (me -2). Vlgébefore)
shows the electrical coupling between cell 1 and cell 3
also before the injury to cell 2. Note that microelectrode
position two and three show the same microelectrode in two
different positions at different times. (b) Approximately
two minutes after the destruction of cell 2, the contact
morphology betweeen cell 2 and cell 3 has changed and
both cell 1 and cell 3 are no longer in junctional com-
munication with cell 2 (see Vy,, in (c), however, they
continue to communicate with each other the same as before
destruction of cell 2, compare V13aafter (coupling after)

to V. _before (coupling before).
13y



(c) Electrical records of coupling. The hyperpolarizing
current pulse is identical for each set of records,

5 x 10-9 amperes and 56 milliseconds. The top trace

of each group of records, (i.e., V1iobs V13b’ etc.) is
the control trace while the trace immediately below each
control trace is the voltage response of cell 1 due to
the current pulse in either cell 2 or cell 3. Positive

calibrating pulses are 10 villivolts and 10 milliseconds.
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Vertical white bar is 20 millivolts for the voltage traces

and 20 x 10_9 amperes for the bottom current trace.
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That in cell 3 or cell 2 was the current passing elec-
trode. Within minutes after cell 2 had been destroyed
by mechanical rupture with the microelectrode (Figure 12b),
the coupling between it and cell 3 was no longer detectable.
The junctional contact morphology between cell 2 and cell 3
had changed drastically, however, the coupling between
the two uninjured cells was unaffected just seconds after
uncoupling of the injured cell. In fact, the voltage
response in cell 1 due to a current pulse in cell 3 is
seen in Figure 12c¢c to be greater than before (compare
V13a (after) with V13b (before) in Figure 12c¢). This
is consistent with the fact that before its déstruction,
cell 2 acted as a pathway for the current injected into
cell 3.

The above results suggest that the loss of cells
from their coupled neighbors does not lead to any short-
circuiting of the remaining intdct cells. Thus it appears
that normal low-resistance junctions in this case are quite
labile, sealing off folowing injury. This finding differs
from that found in the éase of junctional sealing after

wounding in urodele epidermis (Loewenstein and Penn, 1967).
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There, a fringe around the wound several cells deep has
subnormal communication ratios when probed a few minutes

after wound production.

Coupling in Cells Infected with Rous Sarcoma Virus

The concentrations of Rous sarcoma virus used in
these experiments usually produce characteristic foci
of Rous sarcoma cells (Temin and Rubin, 1968, Rubin,
1967) at around three to four days after infection of
the secondary fibroblast cells. Two examples of focus
formation showing early stages of morphological trans-
formations of normal secondaries are shown in Figure 13.
The chief characteristics observed at this early stage
of transformation are the alteration of cellular morphology
from the typical elongated spindle geometry of normal fibro-
blasts to a more spherical shape and the distinctly wider
separation between cells as compared to normals. Cells
at this stage in an infected culture are frequently ob-
served to be heavily vaculated and the nuclei are usually
distorted and located near the extreme margins of the cells.
As this transformation continues, cells within the foci are

easily distinguishable from the surrounding normal cells



FIGURE 13.

Two examples of focus formation showing beginning
morphological transformation of living normal secondary
fibroblasts infected 72 hours prior with Rous sarcoma
virus. The spindle morphology characteristic of the
normal fibroblasts is easily distinguishable from the
more spherical geometry of the early transformed cells

within the focus. (Phase contrast).

81
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by their rounded, highly refractile appearance and their
tendency to heap up on top of one another.

Infected cells were tested for coupling on the first
and second day.in culture when the cellular geometry was
still that of normal fibroblasts; and on the third day
and thereafter where foci were apparent and cells at
various stages of morphological transformation were
present.

In the majority of experiments some: degree of coupling
was detected between cells at all stages of virus induced
transformation. '"Normal' appearing cells in cultures in-
fected with virus two days prior were well coupled.
"Normal" cells surrounding foci were found to be coupled
to cells within the foci whether those cells were par-
tially or fully transformed and finally, transformed
cells were coupled to transformed cells. Sometimes it
was not possible to demonstrate the existence of coupling
between completely transformed cells. However, mechanical
disturbance due to electrode penetration might account for
these cases, especially since transformed cells were ob-

served to detach from the plate after penetration and to
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remain attached to the electrode tip upon withdrawal of
the microelectrode. Transformation of chick embryo fibro-
blasts by Rous sarcoma virus is known to cause a decrease
in adhesiveness between these cells (Rubin, 1966). In
any case, coupling between virus transformed cells at
various stages of transformation was the rule rather
than the exceptionm.

Coupling between infected cells at different stages
of transformation are shown in Figures 14, 15 and 16a, b.
Two adjacent infected cells at an early stage of traﬁs-
formation are shown in Figure 14 to be tightly coupled.
As shown by the electrical record (inset) when current
was supplied to the inside of the lower cell (bottom
trace), the top electrode recorded an electrotnic poten-
tial when it was inside the top cell (middle trace) but
recorded no potential change right outside the upper cell
(top trace). A resting membrane potential of 22-millivolts
is indicated by the displacement of the middle trace from
the top trace.

Figure 15 shows two transforming cells which are

somewhat round and highly refractile but still possess



FIGURE 14.

Electrical coupling between two early transforming
fibroblast cells infected with Rous sarcoma virus three
days prior. Me-microelectrodes. Inset: top trace is the
control; middle trace shows the voltage recorded by the
top electrode due to a 5 x 10_9 amperes and 56 milli-
second hyperpolarizing current pulse (bottom trace) in
the other electrode (Me) within the lower cell. Vertical
white bar 20 millivolts for top two traces, 20 x 10-9

amperes for bottom current trace. Positive calibrating

pulses 10 millivolts, 10 milliseconds.
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FIGURE 15.

Transforming fibroblast cells in a culture which
was infected with virus four days prior to the electrophysi-
ological experiment. Two cells are seen impaled with micro-
electrodes (Me) and the electrical data (inset) indicates
that the cells are coupled. Top trace is the éontrol
trace; middle trace shows voltage response of upper cell
due to 5 x 1072 amperes and 56 millisecond current pulse
passed in both directions through the lower cell. White
bar 20 millivolts for voltage traces, 20 x 10-9 amperes
for bottom current trace. Positive calibrating pulses

10 millivolts, 10 milliseconds.
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FIGURE 16.

(A), (B) Phase contrast photographs of living Rous
transformed fibroblast cells in a culture which was in-
fected nine days prior to the experiment. The following
description applies for both (A) and (B). Two transformed
cells are seen impaled by microelectrodes (me). The
electrical data indicates that the cells are coupled.

Top electrical trace is the control; middle is the
voltage response in the right intracellular electrode

due to a 6 x 10"9 amperes, 56 millisecond hyperpolarizing
pulse passed intracellularly through the left microelec-
trode. Vertical white bar is 20 millivolts for voltage
traces and 20 x 10“9 millivolts for voltage traces and

20 x 10'9 amperes for bottom current trace. Positive

calibrating pulses, 10 millivolts, 10 milliseconds.
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long cytoplasmic processes which are not usually charac-
teristic of the final transformed state (see Figure 16).
The electrical evidence (inset of Figure 15) indicates
that the cells are coupled. 1In this experiment a current
pulse was passed through a microelectrode in eith direc-
tion from the inside of one cell and the other electrode
recorded a symmetrical response which indicates that the
transfer of ions between the cells is the same in either
direction.

Fully transformed cells which are coupled are shown
in Figure 16a, b. The rounded, refractile appearance of
the cells is characteristic of Rous sarcoma cells (Rubin,
1967). Entry of the microelectrodes into these cells
was done as gently as possible for the adhesion of these
cells for each other and the substrate appeared to be
weak; in more than one case cells of this type detached
from the bottom during an attempted coupling measurement.
However, inspite of this problem, coupling was found in

a majority of the transformed cells tested.

Scanning Electron Micrographs of Coupled Fibroblasts

The passage of small ions and presumedly low molecular

weight molecules through low-resistance junctions has been
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well documented (see introduction). However, in most cases
concrete evidence for the site of membrane contact at which
this passage of particles occurs is lacking. This situa-
tion has arisen mainly from the techmical difficulty of
histologically studying all the junctions between a cell
pair which has previously been tested for coupling or for
the transfer of molecules between them.

Cells in tissue culture may prove to be a favorable
preparation to circumwent this difficulty. As a preliminary
step in this direction, a study of the contact morphology
between pairs of coupled cells (previously checked elec-
trophysiologically), was undertaken by H. Dalen and the
author utilizing the scanning electron microscope. This
is the first study of this type and the first study on
chick embryo fibroblasts, transformed with Rous sarcoma
virus, using the scanning electron microscope.

Two normal fibroblasts as viewed with phase microscopy
are shown in Figure 17. Electrical evidence (bottom)
indicates coupling between the cells. These cells were
fixed within minutes after the coupling measurement and

subsequently prepared for viewing in the scanning electron
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FIGURE 17.

Phase contrast photograph of two normal fibroblasts
after one day in vitro. The microelectrodes (me) are
shown withdrawn from the cells after the coupling measure-
ment. These cells are in junctional communication as
evidenced by the bottom electrical: record. Hyperpolarizing
current pulse 4 x 10-9 amperes and 56 milliseconds in dura-
tion. Left microelectrode, current electrode. White
vertical bar is 20 millivolts for top two traces and
20 x 10?2 amperes for bottom current traces. Positive

calibrating pulses 10 millivolts, 10 milliseconds.
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microscope. Scanning electron micrographs of these same
cells are shown in Figure 18.

These cells show no visible damage due to the previous
microelectrode penetrations and the small contact area
appears to have:.remained intact throughout the fixation
procedure. Other morphological features possessed by
the living cells also appear little changed in the scanning
micrographs. The nuclei of the cells are quite wvisible.
The round structures seen scattered in the area of the
cell's cytoplasm and also seen in the contact regions
shown in the upper micrograph of Figure 18 are frequently
observed in these cells one or two days in culture. They
appear not to be mitochondria (see later), but are probably
pinocytotic vacuoles. These structures are, in general,
absent from cells within confluent monolayers (see later,
Figure 22). The nature of these structures is not known
at present.

As seen in this upper photograph, the junctional
contact between the two cells is restricted and since the

cells were: coupled, the low-resistance junction and its
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FIGURE 18

Scanning electron micrographs of the same coupled
pair shown in the previous figure (Figure 17). The
photograph in the upper right is a higher magnification
of the junctional contact area between the two electrically

coupled cells. See text for further discussion.
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corresponding morphological structure must exist some-
where within this one and only contact region.

Figure 19 shows the formation of a low-resistance
junction between two normal cells as viewed with phase
optics. The corresponding scanning electron micrographs
of the contact regions are shown in Figure 20a, b, énd ¢,
In the upper left photograph of Figure 19 cell A and
cell B first approach and then make contact (middle right
photograph) forming a low-resistance junction (electrical
record, bottom left). Contact between cells C and D also
occurred and presumedly they formed a low-resistance
junction, however, this was not checked electrically.

The scanning micrograph in Figure 20a shows cells A,
B, C, and D. The junction between cells A and B (Figure 20b)
reveals an interesting aspect of cell contact which was
frequently observed in other micrographs: when one fibro-
blast (cell A in this case) advances towards and makes
contact with another cell, its leading ruffled membrane
passes beneath the encountered cell (cell B in this case).
Thus the advancing ruffled membrane appears to retain

contact with its substrate and to either detach or to
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FIGURE 19.

The establishment of junctional communication between
fibroblasts. The phase contrast photograph in the upper
left shows four normal fibroblasts. Cells A and B are
not visibly comnected. FElectrophysiological measurement
at that time indicated that the cells were not functionally
coupled. After two hours the cells had moved into posi-
tions as shown in the picture at the right. Cell A has
formed a visible connection with Cell B. At this stage
the cells were coupled as is shown in the electrophysi-
ological record at the lower left of the figure. Current
electrode was in cell A and recording electrode in cell B
(both electrodes are not shown). White vertical bar is
20 millivolts for top two voltage traces, 20 x 10-9 amperes
for current trace. Middle trace: voltage response of
cell B to a & x 1079 amperes and 56 millisecond hyper-
polarizing current pulse in cell A. Positive calibfating

pulses: 10 millivolts, 10 milliseconds.
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FIGURE 20 a, b, c.

Scanning electron micrographs of the same coupled
cells as. shown in previous Figure 19.

(a) Photograph showing the junctional contact areas
between cell A and cell B and between cell C and cell D.
Junctional contact area between cells A, B contains ele-
ments of high permeability; that between cells C and D
presumedly of high permeability.

(b) Higher magnification of junctional area between
coupled cells A and B. Note that the fan-like cell process
from cell A dips under the cell membrane of cell B. For
further discussion, see text.

(¢) Higher magnification of junction between cell C
and cell D. The diffuse looking white particle below
the contact area is probably debris not associated with

the cell surface.
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pass beneath an already detached part of the cell it en-
counters. This phenomenon has been studied by Boyde et.
al, (1969) and the results presented here are consistent
with their observations. The relevance of these results
to a hypothesis on the role of cell adhesion in contact
inhibfition of movement proposed by Carter (1965) is dis-
cussed later (see discussion). Figure 20c shows the
more complicated contact between cells C and D. It
appears that parts of the process from cell D have
passed beneath the advancing membrane of cell C, while
parts of cell C may be "underlapping' cell D.

Figure 22 shows a scanning electron micrograph of
part of a confluent monolayer of fibroblasts containing
two coupled cells A and B shown in Figure 21 as viewed
with phase microscopy. The cells at this stage had
stopped growing. In the scanning micrograph note the
abundance of cellular microextensions interconnecting
all the cells. It would be of interest to know whether
these microextensions play any role in ''density dependent

inhibition'. The structures presumed to be 'vacuoles'
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FIGURE 21

Phase contrast picture of ﬁormal living secondary
fibroblasts forming a confluent monolayer in which the
cells are in a state of "contact inhibition'" of growth
(four days in culture). Two cells ('a" and‘”b”) are
seen impaled by the microelectrodes (me). The.elec—
trical records indicate that cell a and cell b are
functionally coupled. The 4 x 1677 amperes and 56 milli-
second hyperpolarizing current pulse is shown on the
bottom trace. The intracellular voltage response of
cell b'to this current in cell'a'is shown in the middle
trace. Top trace is the control trace. Positive cali-

brating pulses are 10 millivolts and 10 milliseconds.
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FIGURE 22

Scanning electron micrograph of the same field as
shown in the phase contrast picture of the previous
Figure 21. Cells A and B were shown to be electrically
coupled. Both the nuclei and nucleoli of cells A and
B are visible. Note the abundance of thin processes
between the cells. The structures described as vacuoles
frequently seen in one day cultured fibroblasts (see
Figures 18 and 20) are not seen in this micrograph.

See text for further discussion.
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and frequently observed in one day cultured fibroblasts
(see Figures 18 and 20) are in general not present in cells
within confluent monoléyers. The absence of these struc-
tures is evident in Figure 22. The rod-like structures
(arrows) seen the these cytoplasmic areas of the cells

have been observed by Boyde et.al. (1969) and are thought
to be mitochondria.

Scanning Electron Micrographs of Coupled Cells -
One in Mitosis

The surface morphology of cultured fibroblast cells
in beginning mitosis was always observed to change ratﬁer
drastically, progressing from a flat appearance at inter-
phase to a rather spherical shape at early metaphase.

A priori, it seemed likely that during this process the
low-resistance junction would also change, possibly un-
coupling the cells. Therefore, during the course of
these experiments it was rather surprising to find that
some degree of coupling was always detectable between
interphase cells and cells in various stages of mitosis.
It was not possible to keep cells impaled with micro-

-

electrodes through the course of cellular mitosis and
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therefore it was not ascertained whether the mitotic cell
broke coupling for a short period before, during, or after
division. In some cases where a mitotic cell was completely
rounded up and appeared to be connected to its mneighbor by
fine cytoplasmic processes, electrotonic potentials spread
from one cell to the next as well as they did between
normal interphase cells which were coupled. Mitotic cells
were recognized under the phase contrast microscope by (1)
possessing a halo indicative of the rounding up process

of cells during mitosis, (2) by being connected to its
interphase neighbors and the substrate by many fine cyto-
plasmic microextensions from the mitotic cell surface,

and (3) by their chromosomes being in various stages of
separation (from being lined up along a cellular axis to
their being separated into two complete sets located at
opposite ends of the cell).

Figures 23 - 26 show typical examples of mitotic
cells coupled to normal interphase fibroblasts and corres-
ponding scanning electron micrographs. The three-dimen-
sional pattern of radial microextensions from the mitotic

cells and connections between the mitotic cell and its
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coupled interphase cell neighbor are clearly seen in the
scanning micrographs.

Figure 23 shows a phase contrast photograph of two
cells impaled by microelectrodes (Me), with one mitotic
cell (M) apparently connected to the interphase cell by
two thin processes. The electrical records (bottom)
indicate that the cells are coupled. The dark gray area
in the middle of the mitotic cell was actually seen under
the microscope to be chromosomes lined up in an axial
manner.

The scanning pictures of the above cells are shown
in Figures 24 a, b. The cells appear to be little dis-
torted from the morphology seen in the phase contrast pic-
ture. Both the nucleus and the nucleoli of the interphase
cell are clearly seen in (a). The rod-like structures
(arrows) seen in the cytoplasmic area of the interphase
cell have been observed in other fibroblastic cells and
are thought to be mitochondria (Boyde, et.al., 1969).

Many mitotic microextensions occur around the mitotic
cell and two definite areas of contact occur between

the mitotic and interphase cells (arrows in Figure 24b).
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FIGURE 23

Phase contrast picture of two normal fibroblasts
impaled with microelectrodes (me). One cell (M) is in
mitosis while the other is in interphase (one day in
culture). The electrical record indicates that the cell
pair are functionally coupled. Current pulses (4 x 1079
amperes and 56 milliseconds) were passed in either direc-
tion through the cell membrane of the mitotic cell (M)
and symmetrical voltage changes were recorded within the
interphase cell. Positive calibrating pulses: 10 milli-
volts, 10 milliseconds. Vertical white bar: 20 millivolts
for top two electrical traces, 20 x 1_0"9 amperes for

bottom current traces.
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FIGURE 24a, b

(a), (b) Scanning electron micrographs of the same
coupled-cell‘pair as shown in the previous Figure 23.

(a) Many mitotic retraction filaments are seen
eminating radially from the mitotic cell (M). Several
areas of contact between the mitotic and interphase cell
are also evident. The rod-like structures (arrows) seen
in the interphase cell resemble the fibroblast mitochon-
dria reported by other investigators (Boyde, et.al, 1969).
Both nucleus and nucleoli are clearly visible. The large
white round structures on the interphase cell are most
likely pinocytotic vesicles seen in the other micrographs.

(b) Higher magnification of the contact areas (arrows)

between the mitotic and interphase fibroblasts.
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Two other scanning electron micrographs of a mitotic
cell coupled to an interphase cell are shown in Figures 25
and 26 (see Figure captions for details).

Finally, one example of coupling between a daughter
cell of a cellular division and an interphase cell with
corresponding scanning micrographs is seen in Figure 27,
Current pulses were passed into the daughter:cell and
electrotonic potentials were recorded from inside the

interphase cell but not outside (see electrical record).

Scanning Electron Micrographs of Rous Sarcoma Cells

Scanning electron micrographs of two cells in the
early stages of transformation in an infected culture
are shown in Figure 28. The electrical recrods (B)
demonstrate the presence of coupling between the two
apparently unconnected cells impaled with microelec-
trodes (Me) (shown in A). The abundance of overlapping
cells is evident both in the phase pictures and the
scanning micrographs. The micrographs in (C) and (D)
demonstrate the presence of many cytoplasmic exteunsions

from the coupled cells a and b. These extensions are
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FIGURE 25

Scanning electron micrograph of a communicating cell
pair, where one cell is undergoing mitosis. The photo-
graph (upper left) shows a phase contrast picture (top)
of two fibroblasts, one in mitosis connected to one in
interphase (one day in culture). The linear arrangement
of chromosomes along an axis is clearly seen in this mi-
totic cell. Two microelectrodes (me) used for the elec-
trical measurement are shown. The electrical record
demonstrates that the cells are coupled. Top trace is
control trace which shows no response to the applied
current pulse (bottom trace). The middle trace is the
intracellular voltage response of the mitotic cell to
a 6 x lO—9 amperes and 56 millisecond hyperpolarizing cur-
rent pulse applied through the cell membrane of the inter-
phase fibroblast. Positive calibrating pulses: 10 milli-
volts, 10 milliseconds. Vertical white bar 20 millivolts
for top two traces, 20 x 10_9 amperes for bottom current
trace. (Right) Scanning electron micrograph of the same
cell pair shown in the phase contrast picture at left.

Cellular processes are seen connecting the mitotic cell
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to the interphase fibroblast. A dimpling of the central
portion of mitotic cell may indicate the beginning of a

division furrow.
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FIGURE 26

Scanning electron micrographs of a mitotic fibro-
blast in junctional communication with an interphase
cell (one day in vitro). Picture at lower left shows
phase contrast photographs of a cell rounded up in mi-
tosis joined to an interphase cell. Two microelectrodes
(me) are shown. The electrical data indicates that the
cells are coupled. Current pulse (bottom trace) is
6 x 10-9 amperes in amplitude and 56 milliseconds in
duration. White vertical bar: 20 millivolts for top two
traces and 20 x 10"9 amperes for bottom current trace.

The scanning electron micrographs are shown at the
right. The higher magnification of the mitotic cell
shows the abundant number of small processes radiating
from the round cell body. These processes were seen in

every mitotic cell studied.
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FIGURE 27

(A) Phase éontrast picture (top) of functionally
coupled normal fibroblast cells. One member of the
coupled pair is a daughter cell of a mitosis, the other
an interphase cell. Electrical record: 4 x lO_9 amperes
and 56 millisecond hyperpolarizing current pulse passed
intracellularly into the daughter cell. Voltage res-
ponses top two traces. Positive calibrating pulses:
10 millivolts, 10 milliseconds. Vertical white bar:
20 millivolts for top two traces, 20 x 1072 amperes
bottom current trace.

(Bottom) Low magnification scanning electron micro-
graph of same coupled cell pair.

(B) Higher magnification scanning pictures of the

coupled cell pair (bottom) and daughter cells (top).
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FIGURE 28

Scanning electron micrographs of two coupled cells
at an early stage of Rous sarcoma virus (RSV) transforma-
tion (three days).

A. Phase contrast picture of the two living cells
impaled with micreocelctrodes (Me).

B. Electrical fecord. Middle trace shows that a
voltage response is recorded inside cell '"b'" due to a
hyperpolarizing pulse of current - 4 x 10_9.amperes and
56 milliseconds (bottom trace) inside cell "a'", but none
is recorded when the recording microelectrode is just
outside cell "b'" (Top trace). Positive calibrating
pulses are 10 millivolts and 10 milliseconds. White
vertical bar is 20 millivolts for top two traces and
20 x 1077 amperes for bottom trace.

C. Scanning electron micrograph of same cells a and b.
Both the nuclei and nucleoli of the cells are clearly
visible.

D. Higher magnification micrograph showing the cyto-
plasmic extensions originating from cell b. The nucleus of

the cell which appears below cells a and b in the phase

contrast picture (see A) is clearly visible (see also D).
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similar in appearance to those seen in scanning micro-
graphs of metaphase fibroblasts and fibroblasts within
a confluent monolayer (compare with Figures 22 and 24,
this thesis).' The nuclei and nucleoli are clearly visi-
ble in both cells, as well as others in the field.
Particularly note the nucleus seen between cells 'a'
and 'b' in (C). This nucleus appears to belong to the
cell seen between, but beneath, these cells in the phase
picture. This nucleus is seen in higher magnification in
(D).

Figure 29 shows scanning electron micrographs of a
Rous transformed cell in a culture infected with Rous
four days prior to the electrophysiological measurement.
The Rous cell (R) in the phase contrast picture is highly
refractile and spherically shaped, the characteristic
morphology of Rous transformed cells. The same cell is
easily identifiable in the scanning micrographs B, D
and E. One intriguing aspect of the Rous cell is its
surface architecture shown in Figure 29 (D, E). The

numerous convolutions in the surface of the RSV trans-

formed cell were not seen in any other chick fibroblast
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FIGURE 29

Scanning electron micrographs of a Rous sarcoma trans-
formed fibroblast in a culture infected four days prior.

A. Phase contrast picture of the living cells. The
Rous transformed cell (R) and the untransformed fibro-
blast (N) are seen impaled with microelectrodes (ME).

B. Scanning electron micrograph of the same cells as
in A.

C. Electrical record. A voltage response (middle
trace) is recorded by the electrode within the Rous cell
(R) due to a hyperpolarizing pulse of current &4 xlO"9
amperes and 56 milliseconds (bottom trace) passed into
the other cell (N) but no voltage response is recorded
with the recording electrode just outside (R). Positive
calibrating pulses: 10 millivolts and 10 milliseconds.
Vertical white bar: 20 millivolts for top two traces and
20 x 10_9 amperes for bottom trace.

D.,E. Higher magnification scanning electron micro-
graphs of the same Rous transformed cell showing its
highly convoluted surface architecture (see text for

further details).
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cells, including the rounded-up mitotic cells, which were
studied with the scanning electron microscope. Due to
these convolutions, the surface area of a RSV transformed
cell is greater than one would guess from looking at the
phase contrast picture. It would be interesting to know
what role these highly convoluted surfaces play in the
behavior of Rous cells in culture. This surface archi-
tecture might possibly reflect a change in the rates of
uptake and release of metabolic substances from that of
normal cells. Similar surface architecture has been
observed in scanning micrographs of ascites tumor cells
by Williams and Ratcliff, (1969) and in those of macro-
phages by H. Dalen (unpublished observation).

It should be briefly mentioned that the first attempts
to obtain scanning electron micrographs of‘fully trans-
formed RSV cells were not successful. These cells easily
detached from the dish and from other cells due to the
usual mechanical disturbance encountered during the pre-
parative procedures. This may be partly explained by
the decreased adhesiveness of these sarcoma cells (Rubin,
1966). Only after great care was taken to minimize mechan-

ical disturbances such as very gentle rinsing of the cells
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and very careful handling of the dish during fixati on

procedures did fully transformed cells remain attached.

Tight Junctions in Secondary Fibroblasts

Preliminary evidence that the low-resistance junctions
between secondary chicken embryo fibroblasts demonstrated
in these experiments correspond to the electron microsco-
pists '"'tight junctions' is shown in Figures 30 and 31.
These transmission electron micrographs were made by
Dr. J. Leventhal (unpublished).  Figure 30 shows a small
area of intercellular contact where the extracellular
space between the neighboring cells is apparently oblit-
erated. These ''tight junctions' are similar to the
tight junctions found in numerous electrically coupled
adult tissues (Pappas and Bennett, 1966), and are identi-
cal in appearance to those junctions Which have been seen
in the chick embryo in vivo (Trelstad et.al., 1967).
Figure 31 is another example of a tight junction seen
between these cells. The classical "pentilaminaf”
structure characteristic of tight junctions is clearly
seen in this electron micrograph. The above findings
are consistent with the idea that tight junctions may be

the structural basis for coupling in these cells.
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FIGURE 30.

Transmission.electron micrograph of a tight junction
between two normal secondary chick embryo fibroblasts in
agar. Phosphate buffered glutaraldehyde and osmium fixa-
tion. Uranyl acetate and lead citrate staining. Magni-

fication x90.000. (Courtesy of Dr. Jeana Levinthal).
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FIGURE 31.

Transmission eléctron micrograph of a tight junction
between normal secondary fibroblasts in a cell monolayer.
Infected with Sendai virus two minutes before fixationm.

Phosphate buffered glutaraldehyde and osmium fixationm.

Uranyl acetate and lead citrate staining. Magnification

X 40,000.
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RELAIED ELECTRICAL PHENOMENA. - 'MEMBRANE POTENIIALS
‘ - OF SFCONDARY FIBROBLA\FS

Chemical gradlents for d;fferent ions provide the
major; ﬁh6ugh possibly:not the only; soﬁrce of biocelectric
pdténtialé and, acéofdiﬁg'to the idﬁic'theory‘of bioelec;
~trogenesis7 changes in_the relaﬁive'permeability of the
cell membrane fof various ioms form the basis of the,
electrical manifestations df.célls (Grundfest, 1967).
In a éimilar'manner, changes in’the-ionic grédiénts
across the Plasmémembrane'of cultﬁred céilsvor.chéﬁges :
in thevrelativé ioﬁic permeabilities.of these membraﬁes‘
must result in corresponding chénges in cellular:membréne
potentials. Likéwise; the convefée Will necessari1y bé
true. |

Preliminary evidence from membrane potential measﬁre-
ﬁents on.normal secondary fibroblasts suggests that mem—:‘
brane poténtials'of cells within a cdnfluent monolayéf,ére
significantly greatér thén those_of.isdlated”singlé_éeilsQ
Figure 32 shows th histograms of‘mémbrane potential‘measure-
ments, one from isolated fibroblasts (top) and one day
in culturé and another from cells within a conflﬁent

monolayér (bottom) four days in culture. The data for-
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 FICURE 32.

Histograms of membrane poteﬁtialsvffom normal Cﬁick 
embrjo secondéry fibroblasts (one day5»top;‘four'days
bottom) . Ordinate: numbef of observatioﬁs;.abscisséf
membrané‘potential in millivolts. ‘Potential-meaéure-
ments from a total of.90 isolated cells from one dish
are shown in the one day distribution; and those from;-V
100 cells within a cénfluentvmonolaYer are shown in the
four day distribution. The mean membrane potential of =
the isolated cells is.lO.SZi (3.97) millivolts, tﬁat'-
of the four day cells is 28.13% (7.50) millivolts, v

cell interior being negative in both cases.
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the ohe déy sample bf_potential measurémeﬁté afe all.frbm
one diSﬁ cpntainingHapprogimatelyv2 X 105 cells and'fﬁat'
éf thé f6ﬁr day meaéureménts from another dish’coﬁtaining
3 x 106”éells. Both sets of measurements are ffOﬁ éxpéri-'
ments laétingiapproximétely two hoﬁrs and carried out é£ |
room ﬁemperaturé 25°C in medium 2-1-1 with‘the_Samé'micro—
electrode. The mean membrane potential for the isoiated
cells is 10.52 millivolts, and that for the confluent
cellsl28,13f 7.50 millivolts. The shift in the Qélues”of ?
the memﬁréne pétentiais between one and four day ceiisv}j
‘was not abfupt, since predominantly.intermediate vaiuéé  
were foﬁnd in cells at two aﬁd three‘days/iﬁ cﬁlture;A The
majorityrofvcells by the secoﬁd day weré.in contact and
presumably coupled to one or more neighboriﬁg cells.
Membrane potentiais of tbesevcells were similar but,
in general, higher than thoSe'of isoléted cells, but  
smaller thén the potentiéls of cells in confluent moﬁo-
layersL |

One explénatioﬁ for this changé in membrane ppﬁéntials
towards higher‘values may Be thét the isolated cells were

trypsinized the day before the measurements and, therefore,
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may have been more susceptable to damage from microelec- .-

~trode penetration than were cells in confluent monolayers

somé four’days_removed from the‘trypsinization'procéss.
HoweQéf,'this appearé uﬁlikely;'siﬁée cells seeded at 7
dénsiﬁies of aroﬁnd 106 celié land - forming a confluent
monolaYef in one day had membréné potentials siﬁilar to.‘
cells in culture‘fourvdays. 'Anothér possibility ig'that

isolated cells themselves were more susceptable to elec-

trode damage. This possibility must be considered to

contribute ‘some to the results, since in the experiments

the ratio of the.number of successful pehetrations of.
isolatea cells to that of confluent monolayer cells was
low. '1301atedycells were difficult to penetrate because
they were no more than 1 to 5 microns thick,‘ Also, the
membréné_potentials of isdlated cells usuallyvdeclinéd
with a time constant of seconas aftef pénetration, Qhereas,
the potential decline in confluent»moﬁblayer cells after
impalement was slow,vfrequently in the_order of minutes.
This difference in time constants ﬁay be due to.the con-"
tinuoué.pool of ions shéréd between coupled cells iﬁ:a

monolayer as compared to isolated cells. 1In a coupled

cell system, iouns might;readily flow into a very slightly

injured cell to maintain the membrane potential, whereas
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thié»ééuld not occur in an isoiated cell;

vAlthough electrode damage cannot be excludéd.asban
'explanation of the observed difference in membrané-poteh-
tials between one and four day cells, it is unlikely that
it accounts for the total shift. Rather, it appears
reasoﬁéble to conclude thét the shift in ﬁhe membrane
potentials represents a change in cellular permeabiiity.
or in intracellular concentration, br’in both for‘one'

or more ions (see discussion). .
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DISCUSSTON |

Tﬁe results of thébresént study.iﬁdicate that chick
embfyojfibroblasts in culture are tightly»coupled; That
tﬁis'cbupling.islnot an értifaqtvof the microelectrode

' ' T
techniquevis Shown’byvthe fact‘thatvcoupling is found be-
tﬁeen_éélis sepafated by és'many as ten céils which ﬁave
:nqt'Been damaged by miéfoeléctrode penetration. 'Réthét?-
;céqéling betwegn cells is due tb theif ability to form_‘ 
-.lowjresistance junctions in culture.

Contact betWeenlactively.mdving fibroblasts results;'*
iﬁ the formation of a low-resistance junction or juncfiqﬁs%;
- between them. In a few caéeé where both the‘surfa¢é aféé
of the cells and the.cbntact area between them coﬁld bé
estimated from‘the photographs, the specific reéisténéé'
of the_junctional ﬁémbranes was approximated,uéing ﬁhe“T
ciréuit in Figure lbf It was found to 'be sérveral ordéfs.
of magnitude.smaller than that of the‘non—juﬁctionai @eﬁ}
jvbranes.‘ However, the céléulation iS'very‘apprqximafe‘aS:,
it 5as‘several pbssible sourceé of error:.‘thé actuai,; .
input resistances for'the'cells used in the calculatibn f1

- were not known, but, instead the upper values of those

found in other cells were used;and only the upper surface
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of the’céil facing the medium was coﬁsidered in_fhe:calizt'
culatioﬁ; the internal resistaﬁce_of_thé_fine procesgesff
wés estiméted as beiﬁg low and.wés théréféfe not inciﬁded;
thesé'values of resistaﬁce ﬁight actuéliy be larger;_the 
. resistance of the contact area was assuﬁediﬁo be uniform.
Another source of eérror was some degree of damage dué-fb
microelectrode penetration dqriﬁg coupling measuféménts;-

This inevitably reduced the coupling potentials. Al1

thesé sources of error lead to an undefestimate'of the‘
degree;of coupiing. |

The role of coupling in the phenomenon df:contact ,
inhibition of movement (Abercrombie and Héaysman,_1953) f
‘stillvremains unclear. Evidence pfesented in the rééﬁlts
.'SuggeSts that the low resistance.ihterconnections:between
cells may exiét thrbughout the contact period. Thus,
“cells in a state of contact inhibition of movement are
in all probabiliﬁy coupled. |

The role_of'coupling in cell division or in the
phenomeﬁon of density dependent inhibition of cell divi-
éion is a1so difficult'to define for a number of reasbns.
First, cbupling Has been demonstrated between contacted

fibroblasts in both sparse and dense cultures. Many,
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if ndt'ail, éellsvin contact,‘includiﬁgjthosé:in mitosis,
are coupled. Seéondly, greater thén:SOZ ofisecgndary
fibroblasts are in coﬁta&t (énd:coupléd?) at a céllular
density of ?pproximateiy 2'X’lO4‘cells/cm2.but ét this 
dénsity'theproliferation»ratelis maximal and is not
inhibited uﬁtil avdensity of épproximately 10° cells/cm?
or five times greater is attained. Third,wand lasfiy;
Rous transformed cells continue to divide, even iﬁ‘vefy'
cfowded:cultures, yet they are coupled. It must be’em—
phasized thaf the presehce of cOupling, as shown By
electrical measurements, means that there is direct ceil?'
to~-cell transfer of small ions that carry.the current..
Tts presence tells nothing about the direct transfervof
large particles Which might participafe in cellular
regulatory processes.

The ﬁfevalence of low-resistance junctions in_tiSsue
cul ture qells, normal or transformed, as well as 1in
embryonic and adult tissues suggests that these junctions
are baéic to cell activity. At present, their rolé is
known'only in the electrical activity of excitable tiséues.
What are the possible functions of;consequences of low-

resistance junctions between the fibroblasts as studied
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héfe? It is réésonable to conéiuaé from the reSplts 
thatfiﬁérganié ions move rapidly between fibroblasts
iniconﬁact. Thése ions such as K+, Na+, C17 must,
thefeforé, becomé paft of a common intracéllular milieu
'of»the:coupledvfibroblasts. The low-rgsisﬁanée junctions
bi&évitably distribﬁte the work of pumping ions and buf-
fering. One éonseqUence of this is that all functions
subserved by such ions would be stabilized to some de-
gree as each cell in:contaét acquires'an.avérage con-
céﬁtrétiOn.- Aﬁy ionic‘éctivity.pérformedvby any one
membér_of the coupled fibroblasts would tend to be dampéd
'with-feSpect to the activity of the rest of the cells.
The degrees of damping would in all likelihood depend
on the number of cells in contact. |

| This damping phenomenoﬁ can be compared to that
frequently'obseryed in coupled excitabie cglls. Furshpan
~and Potter (1968) give the example. of cardiaé or smooth
muscle cells. To stimulate a cell, pbsitive'ioﬁs are
delivered to its interior, but some of these escape into
neighboring cells. The consequences ofvcoupling in these
cells'is‘not that activity is impossible, but that any
member is less likely to perfdrm its cha:acteristic activ-

ity in response to a small stimulus.
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rfhe'ability éfﬂions to pass freely between,coupléd
‘fibréglasfé aé’&éécribed above, appears to preseﬁt,a |
pfoblem'in the case'of.éell'injury. ‘Injury to one or
‘more cells i@fa couéled system could conceivably lead
to the short circuiting of the rest 5f the cells. How-
evér,>this was not found to be the case'in coupled fib?o—
blasts-in'cu;ture. The "wounding" experiment described
under ReSultS iﬁ this theéis is of particular interest
in this regard. Injured fibroblasts uncoupled from |
neighboring cells but coupling between the healthy'unf
injured cells was unaffected. This uncoupling.of‘in—
jured cells also occurs in vivo. Low-resistance con-
nections between cells in thé squid embfyo were also
~found to be very labile, sealing off.folloWing injury
(Péttéf et.ai:, 1966) It.is likely that the sealing off
is related toAthe influx of extracellular medium ihto.'
the injured cell (see Logwenstein, l968).

‘Direct transferbof substances othér'than ions be-
tween secondary'fibroblasts has recéntly béen suggested
by the work of Peterson (l969)'and Peterson and Rubin
(1969). Cells labelled witﬁ P32— choline are found to

transfer the label preférentially to cells in which they
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}are'ihecontact. However, theviébel is likely to be'incor—
»poraeea into'phospholipids pessibly associeted wieh'the
cell surface and these.mqleculesvneedbnot be treeeferfedj
from within one cell fo within another;. It remains to be
_ shoﬁn whetherkthis transfer is'through the low-resistance
~ junctions between»theée,cells.i o
Aithough no evidence yet exists that demonstrateE'
the paseage of small metabolic molecules or regulatofy_’
substances through low-resistance junetions; these jundtibns
offer a‘very.attractive mechanism for cell~to—eell‘commﬁpi—
cation. The spreed of dyes of 103-Mw iﬁ coupled cell sys-
tems (Furshpan. and Potter, 1968) suggesfs thet.molecules_
such as thyroxine and steroid hormOnee, etc., or ether’:
molecules.having inductive or repressive as well as nu-
trient affects oﬁ cell behavior might also epread'readiiyﬁv
through‘codpled eells. Potter,_et.al.(1966) findiﬁgs'that
the yolk cell is coupled to possibly.all eeils in the de-
veloping équid embryo suggests that intermediary meta- o
bolical and waste products might distribute through leﬁ~ B
resistence junctions. Future experiments are needed to
determine whethef low-resistance junctions provide pathf,e'

ways for intercellular control of complex activities such as

movement, division or differentiation (see later).
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The tranémiSsion eleotrOn microscopic:éxéminatioo '
(Dr. J::Levinthal,'unpublished)'on’chioklémbryo,fibro_
blasts iﬁ oulture;indicates toe-presenoe‘of.ﬁight juno—
tioos bétwéen'theseICells Whioh underoa variety of condi-
tions were Showﬁ'in this work Lo.formllow—résistanco
junctions. At‘ofésent;,ﬁhis finding is cOnsistenf with
the idéa that_tightvjunctiohs may.Be the struotural basis
for low-resistance cOuplingo However, Kétzv(l966)vhas.>i
pointed out that only a few cytoplasmicﬂbridges'IOOX in
diameteribetweeﬁ.cellé_can aocount for eleotrioal ooupling;
These bridges might be difficult to detect with the elec-
Htron miorOSoope.
It.ié evident from theoabove'discﬁssion that the
‘correlation betweeﬁ low-resistance coupling and tightT
junctiono’much remaio circumstantial until“more defini-
tive expériménts difectly relating.coupling and junction
morphology can be performed; As a first stép'in thiso
direction, the experimentébusing the'soénning electfon 3
microscope to inVestigatebcontact morphoiogy between .
coupled cells in tissue colture are of interesf. The,oj’
resulﬁs of experiments presented in this paper indicate :
that‘é.ceil pair in culture may be tested for coupling

with microeleotrode techniques and the contact morphol-
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ogy between the same cell pair may be examined with elec-
tron microscopes. Moreovér, in many cases the area of
contact between cells in culture is very limited, and
i | _ _ _

a large number of morphological junctions-within'this

"area is unlikely. The scanning pictures in this thesis

show that many @f the mofphologiéal featuréS possesséd ~ 

by IiQihg fibroblasts in culture appear‘Iittié changedb
inspité of microélectrodé‘peﬁetration and a mé;hod 0ff:/i
preparation ihvoiving fixation,.dryingiand the appii?
cation of conducting coatings in vacuo. The only im--
pressioﬁ gained about éhrinkage duringvpreparative pro-
cedurés'is that when fibroblésts are dried they shrink ”

down upon their substrate rather than detaching from

it and retracting (see élsb Boyde et.a., 1969)}-‘Hehce,_.

cellular configuration in scanning micrographs closély,”
resembles that usually seen in culture. The suCcessIOf
this technique indicates that a transmission electron

microscopic study on the contact area between tissue

culture cells previously testéd for coupling now appears’

feasible.
Although the scanning electron micrographs reveal .

little about the actual contact morphology between
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cOupled ¢ells,”they-do feveél the»réléti?é‘céll ﬁeﬁbréﬁei
positibﬁs betwéen'cdntaétedtcélls.' Thé’miéroéraphS’bf
the iSolated.fibroblast'éells“éhdw.that the rﬁffléq mem-
brane'ofvaniappﬁpaching cell "Lﬁdef 1éps”; i.e., étésées
under-ﬁhé céntacted cell‘rather'than'”ovérlaps”."Thié
finding andftﬁat‘by Béydé et.al (1969) Suggesté thét'
at the pointvof,cpntact‘the.advéncing membraﬁe'has mdre
_adhesién to the Sﬁbstfaté'than does fhe‘contacted»peli,
sincé tEe advénéing cell'mémbféné dispiaéeé_it.”'IffiS"
highly unlikely that the relative positions‘of an ad- .
vaﬁcing’mémbrane éﬁd a ''contacted" cell seen in the
microgfaphs become reversed by the methods_éf ptepafa4‘.
tion employed."In a récent paper Caftef (1965)'has
suggested that contact inhibition is the result of
the gfeatérvstrength of adheéion of a cell to its sub-
stfatu@ than to another cell. |

Normal secohdary;fibrobiaStsvin Rdﬁs,safcomé Virus.
.(RSV) infe¢ted cultufes are coupled at all,stéges‘of‘ .”»
cellular’transformatibn which-includes cells éctiQé.iﬁ'
virus préduétion, one to two days after infection (Vﬁgt>f'
andvRubin,.1§62), and cells at different stages of“"'*

morphological transformation within Rous foci (Temin
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and Rubin, 1958).  Cbuplingvbetween-cells in RSV infécted
éultureS‘appearS indistinguishable from normal celié,in

‘uninfected cultures. .Thus transformation of normal  fibro-
\ _

biasts by Rous virus in culture does not aﬁpéar‘to'cauée‘
Zcellulag uncoﬁbliﬁg as might be'detécted by procedures
used in this work.

ﬂSimilar results have been found in long term culﬁﬁrés
of 3T3 cells transfbrmed With SV40 many generatioﬁé removed
from the cellsorigiﬁally-tranéforméd (Potter.et;al;,l966).
3T3 cells (mouse fibroblasts) are similar to the.secondéry.
~chick cells studied in thié thesis in thét both éell f?pés
~are seénsitive to contaét inhibition of movement and cell:‘
division and both types afe reieased'from theée inhiBi{.
tions with virus transformation (Green and7dearo, 1967;a
Rubin and Colby, 1968). | |

.As stated in the introdqction, coupling has been 
osservéd-in sﬁme'cases (Fufsgpan'and Pottef, i968) éﬁd “
not in othérs (Loewenstein, 1968). The epithélial'gancef
studied apparenﬁiy lack coupling and the transformed.fibrb-
blasts maﬁy generations removed ffém tho&zoriginallj t%aps—

- formed in culture do not. The results of this=thesis_show



coupling is not interrupted duringfan éarly phase of -
- fibroblast RSV.transformation in the éame céllé..'Cbupiing
is, preééﬁt when.the transforﬁaﬁion-appears in- the Rous
_infééted dells and remains present thereafter in these
cells. Shoré breaks in'coupliﬁg,between_celis-iﬁ culturé
cannot”be;exc1uded,‘since they are difficult to detect
with the coupling procedures usually employed. HéWéVef,
this would still be unlike the exténsive’unéoupling"fouﬁd
by LogWehStéiﬁ in epithelial cancers. |

| Ultrastructure analyses on normal and traﬁsfofmed':_ 
cells in culture are few; Butagenefally these studies,
demonstrateithat while tight juﬁctions occur fréquéﬁtl&
between normal fibroblasts in cﬁlture (Devis_and James;
1964; A. Martinez-Palomo et.al., 1969), their transformed
counterparts lack tight junctioms, buf frequeﬁtly ekhibit_
close junctibns and desmosome-liké structures. In é-Study‘
by Morgan(1968) on chick embryo fibroBlasts transfbrméd |
with the:Bryén strain of RSV, tight jﬁnctioné ﬁeréfnoti ‘{
found Bétween either normal orbtransformed‘cells,'bqt 
close junctions between both cell types were frequeﬁtly. _
observed. In this respect, it is of interest to note‘ -

that Revel and Sheridan (1967) could only demonstrate
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the”p;ésence'of plosé junctions but nottightijunctions_
between mouse_brbwﬁ fat cells.which they showed té.Bé
coupled. |

If has been suggested that virus proddction leads
to a change in cell surface membrané.structure (Rdbin;“1966).
The surface architecture of Rous sarcoma virus tranSfbrmed_
'fibroblésts as reveaied by the scanﬁing electron micfd—
scope'is_iﬁteresting'in.this respect. ‘The{ﬁighlyvébnﬁb;f'
luted SQrface was seen in all Rﬁus Celis, but ndtvin_anyv
other.chiCk'fibroblast'cells, including thenrounded~ué |
mitoticvcellsg It is higﬁly unlikely that this éurface'V
architecture of Rous cells is an artifact 5f fixation.
However, this cannot be'ehtirely excluded. Further studies
on thé'RQus cell architecture with scanning electron.micfo—
scope would appear to be certainly worthwhile. It:is of
interest to note that even with the appareﬁtvmorpholqgical
change in the Rous celi membrane the low-resistance junc%
tion between iﬁ and other cells remains. Apparéﬁtly,fﬁhese
junctions can be Qeryvlabile (as in the wounding eXperimEnt)
or they can persist through-drastic-morphdldgical changéé
in cell shape, as in the cases of mitqtic‘cells and traﬁs-

formed cells.
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The pfeliminaryifindihg of a difference betﬁeeh -
the.meﬁbrane potentials-of'iséiaﬁéd fibroblasts and
‘fibfoblésts within a COnfluent monolafefvmay prové
intefesting; The pétentials of prbliferafing_cellé
(isblated) appear to be signifiéantiy lowéf than thosé
Of'nonépfoliferating‘éells. The.low membraﬁe potential
of the isolated cells as'compared to cbnfluent cells
may represent a general leakiness to ions poséibly'
resulting from the mechanical distortion of the isolated
cell membrane on the plasti¢vsubstrate. Mechanicai diéé
tortion is known to produce depolarization in other |
cell systems (the pacinian gorpuéle,for example). Cells
in coﬁflﬁent monolayers appear to be mUCh less spréad_
out on the substrate. This.might naturally arise from
the cfoWding of the célls.in a monolayer. vIt.is interest-
ing that leakiness seems pérticularly great when the cells
are engaged in active'syﬁthesis related to growth and
division. |

Another alternative to the general 'leaky' state’
would be that there is a change in the cellular pérﬁeée‘
bility to one or more spedific inorganic ioﬁs, especially

. _
Na' (see below), between the isolated and confluent states.
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This alternative is’appeaiing for the folld@ing»reasbns:
first; in the very few studies of membrane'patantiai
méasureﬁehts on mammalian cells in culpure,'a'COnsistent
findiﬁg-is that low membrané potentiais'are associated- A
~with high Na*t cellular permeability (Aull, 1967;.Hempiiﬁg}
1962; Borle andeovéday, 1969); in one case the perme-
ability ratio Py, /Py in HeLa cells was'fodnd to be fifty
times highervthan‘in muscle and nerve cells (Borle and
Loveday;‘l969); Secondly, there is some_e&idenée:that
ceil concentrations of sodium (Na) and Potassium (K) are 
functions of the age of the culture. Wickson-Giﬁzburg;‘
and Solombnb(l963) found that‘during the,first four days
| growth-Of'HeLa éeils, the intracellular (K+) indreases_and
_thé cali (Na+) decfeases. 'Considering-theae findings, it
~is tempting to suggest that the low membrane potentials
observed in the one day (proliferating) cells may»Be a':“
résulf‘of higb Na¥ permeability and/or high cell (Na+):
and the increase'in_potential by foar daysv(non—prOIifer_
ating sfate) is a result of decrease in Na' permeabilitj'
and/or a subsequent drop in intracellular Na™T. |

However, since none of the variables controlling the

membrane potential of the chick embryo fibroblasts studied
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in thié;pépér are known,speculations on the>me¢hanism '
shall nbtfbe expanded further. 'Some"Obvfous quéétions
'which afe of intereét aref'hoﬁ doeévthe’membrané poten-

_ , , §

tial deﬁehdvon cell density, i;e., cells/cm ,:what'are

i

the concentrations of Na+, K, Cl™ within the one day
VS . the f6ur déy.cells, what are the relative éellular
permeabilities of éach ion at those days and can the
potential be shown.to follow the Goldman equation fof-
vNa+>and Kt with C1- passively distributed across the
cell ﬁembfane? Most of these questions are answerable

by simple tissue culture experiments with standard

electrophysiological tools.



" CONCLUDING REMARKS AND FUTURE OUTLOOK

.I¢piiéit‘throughoqf-Ehis_work hés bééﬁ the'assumption
that the use of:éléctrophysiologiéél‘;echhiqﬁés pfovidéé ‘
é uniquevéppfoéch tb‘sEUdying the problems of.mammélian‘
cell intéracgidhé inacultﬁre. Sﬁpport for'thié as;ump-::
tion is éhown by the results of the presént'investigationw
It has been demonstfated in this paper that mény;.if»ﬁotvv
‘all nofmal or'transfofmed'fibrbblasts in contact éommun; 
icate in such a way as to allow the rapid flow éf smali :
ioﬁs, such as K+,'Na+ and C1~ from one cell interior
directly to another. This results in these ioms becoming
paft Qf'a'common intracellular milieu of the céupiéd.cells
in culture. This'intefcellular communicatibn-was shown
tb beua conseqﬁenéé of the development of low—resiétaﬁéev
junctibﬁsvbetween these mammalian cells in culturé; 'it
- appears reasonable to conclude from the prevalence of
'these low-resistance junctions between cells in culture,
as weil'as in embryonic and adult tissues, thét_these»t
junctions are-basic to cell activity.

The éresent eiectrophysiological investigation was -

vlimited:to the.study of ienic flow through the low-

Eig

160 :
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resistance jﬁnctions betweén cultured celis,f It is
nct knowh'at'prescnt whecher tﬁese junctions also pro-
vide pathways for 1afger.particlés which might be in-
volved in the cellular control of complex acﬁivities
such as»cell~movement.and cell aivision in culture.
Howevef, these'junctions’offer a'vefy attréctive mechan-
ism for,cell—tc—cellvcommunicatiom and fcture experiments
émploying electrophysiological techniques should providé'
more information on the role‘of:these junctions in cellu-
lar regulatory processes.

~Along these lines, the following types of experi-
ments are:a few thac might be undertaken: (1) Cells in
tissue culture can be injected with radioactive sub-
stances passed through fine microelectrodes filled With‘
the radioactive material and cellular coupling checked
electfically’before, during or after cell contact is
made. Subsequent autoradiography studies can then be

carried out on these cells to determine if transfer of

radioactive material between cells has occurred. Also,

from the results of this ‘thesis it appears that an auto-

radiography study at the.transmission microscopic level
| : SE ,
of cells previously injected with radioactive materials
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and chépkéd>for coupling'mighﬁ bé possiEle. vExperi_
menté_of'tﬁié typeIWOUid combine the advantages of’.f
the fiuoresceiﬁ expefimenté df Fufshpén.and Pottér‘
(1968) and LoeWenSteih (1968) éﬁd the gehéti¢ experi¥ -

- ments of Sub;k—Shérpe et;al,v(l969) and Sﬁoker'(1967a);:'
(2) Experiments such as those described inv(l) could

be used with substanceé (as yet ﬁnknown) which might
selectiVely pfeveﬁt ﬁhe passage of substances betweén‘éells,
If a variety of substances éoﬁld be shown to uncouﬁle
cells, then it might;be possible to determine the rangéé
‘and types of substances which pass through the IOWEfesiS;
tance’junCtiOnsbb§ thébinjectiOn_of a variety of sdb-
stances'into cells and checking for tfansfer with various
techniqueé such as fluorescénce microscopy or autdradipgra—
phy. (3) As suggested in this thésis,:thé changeSiin.mem—
" brane pdténtial of cells in culture may be rélated to 
‘activities éssociated with cell growth and cell division;
These relationships betWeeﬁ ceilulaf.membrane'pofeﬁtiélé‘
and cell growth and division in tissue culture can be de-
termined by éimple tissue culture experiments; utilizing

standard electrophysiological tools.
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From the abd&e discussion it can be concluded that
the-éoﬁbined tééhniques.of eleétrophysioiogical ﬁissué
culture, aﬁtoradiography aud electron miCrosCopy offer
new ways of attacking the problems of mammalian cell

interactions.
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* SUMMARY

1, intercel1u1af communiéation or eiectfical'cbup-
,1ihg Bétwéen’nofmal.chick embryo fibroblasﬁs éﬁd bétweéﬁ
fibroblasts Ffansfbrmedeith ROus'safcoma‘virus in culture
was studied Qith intracellular microelectrbdeé.‘

2. Coupiing was present.betWéen normél chick.embryo
fibroblasts in pfoliferating cultures. Mitotic célls ih
contact with iﬁterphaée ééllé were coupled.‘v  |

'3; Cdu§1ing was also present bétwéen'célis in a
confiuent monolayér'in which furtbef pfblifération ﬁa$; 
been inhibited ('density dependeﬁt inhibition').

4. The results Showed'that between cancer fibfobiésts
(Rousvsarcoma transforméd) coupling was present WHeﬁ the
transformation.appeared in the infected cells and rémaiﬁed
present thereafter in these éelis.

| 5.'Cbup1ing bét&een'the‘cells was not an érﬁifact of
thé ﬁicroelectrode gechnique; but was shown to beidue'to
the ability.of thesé céils to form low-resistance junctiéns
in culture. | | |

6. The specific membrane resistance in nbrmal fibfé;
blasté wasvestimated to be_séveral orders'of magnitude '
smaller than thaﬁfof théinon—jqnctional membranes (O!lZIl-cmzv

as compared to 400.0_4cm2).
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,7.'The lability‘bf low-reSistance jqncfions betwéen
cells was showﬁ in fhe wounding eXpefiméntt .This-teSUiéj
deménstrated that'injured fibroblastS readiinQUCOupled
from neighboring célls without.intérruéfiﬁgvéOupling be-
tween the healthy uninjured cells. |

8. Tight junctionsA(photggraphs of Dr. J. Levinthal)
exist beﬁWeen the same type of fibroblasts that were . |
shown to be coupled. This fiﬁding is consistent'with.'
the idea that tight junétions are the.morpﬁologicél
‘structures of Iow—resistance junctionsf

9. A method was presentea to allow the study of

the céilular morphology of previously.éQUpléd cells with.
the scanning»electrbn microscope.

10. With this technique, it was shown that in the
cases studied. when cellular processes éventually'réached
neighﬁoring cells, they underlapped them and formed low-
resistance junctions. |

11. The scanning electronbmicrographs of Rous sarcomé
virﬁs transformed cells revealed that the surface mOfphology
of these cancer cells was highly invaginated, a charactef—

istic not found in any of the normal fibroblasts studied.
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'12;'Preliminary studies on the'membrané potentials'
of the ﬁormal fibroblasts showed that the values for
.isolated cells Wefe sighificantly’lowef than those for
céllé within,a»confluent monolayer. Possible céllulérfv
vpermeability‘changes to_specificvioﬁs ére‘discﬁssed as}:.
causeé for the observed changes in.membraﬁe pbtential
values.
| 13i.Fina11y, it is concluded that électrophysiologiéal
}tpols'COmbined with fissue culture techniques and aﬁto—f
radiogfaphy offer‘ﬁew ways Of_attacking the probléms of -

animal cell interactions.
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- APPENDIX I

Thé advent of coﬁmercia1 produ¢tion of operational
amplifiérs_inébrporating fiela.effeét trénsistofsb(FET)l 
has yieldédxvoltégé operatéd églid—state devices with
extremely high inbut impedanée, high gain and wide-band
amplifiers of miniature size; One such low cost FET -
amplifier Model KM-47C (K & M Electroniés Cbrp.,
Hackensack, New Jersey) has been employéd as the basic
unit in a"high input“impedance-amplifier builtISPecifi¢élIy
to be used to recdrd.biological signéls as détected’with
high impedéncévelectrolyte filled gléss micrbeleétrodes}b

A highly schematic'diagram’of the basic amplifier-  
design is shown in Figure 33a. The uppér amplifiefol’
in Figure 33a is constrained to unity gain by shorﬁICir—
cuiting the output ey of Ai to the inverted'bole of the
differential input of Al' Signals through the miéroeleg_
trode (ME) are fed into the positi&é or non—invertéd inﬁut
bf Al and appear at eg unchaﬁged. The overall frequéncy'

response of A. is increased by negative capacitance feed-

1

back with the use of amplifier A,. To achieve this, the

Iy, Shockley, "A Unipolar Field-Effect Transistor,"
Proc. IRE, Vol. 40, pp. 1365-1367, November 1952.
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FIGURE 33f
) A; Schematic diagram of a high-input impedénce
Field Effect?Transistor 6perational amplifier._ ME -
,micrOéléctrode (seé text for further details);
'B..Circuit diagram of aCtﬁal.ampiifier design{
A>bottom‘view of the pin arrangement on.the KM—47C
operational amplifiers is shown (see text).
€. Triangular wave generator empioying Fairchild

VKA7O9C»operatibnal amplifief-(see text for details).
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a. Hégh_—mput impedance' microelectrode ampiifiersv

eR
@

DBL 698-5010



”‘}1‘76‘- |
b. Actual amplifier design

“10.2uF
o——eo——-o*V
of—a—o—V -_—_l;_—
C = 0.1uF
V = 8.4"Mallory . -
mercury battery -
10KQ | - === Shielded cable '
|1 - :
B
1000pF

- Bottom view of KM47C operational amplifiers

DBL 698:5011
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c. Triangular wave generator

LA709c¢ 100K Q _
operational
amplifier \ 2A%% ' eB_\-

€3

Vg = Power supply battery

DBL 698-5012
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output ‘signal ey is fed into the non-inverting input of

emplifier_A2 whose gain is given by A, =R, *+ Ry and
can be changed by adjusting the potentiometer Ry. A

‘.negative>ca§acirance'feedback loop (see Appendix II
for theory) was effected by feeding the output el‘of
A, through a small capacitor Cy (2- 6 pF) to the positive
input“oval. With this“negative eapacifance scheme , a |
Square voltage pulse which has become degraded by passiﬁg
through a high'impedaﬁce probe at the input can be.essene
tially compensated to reproduce the original'square.pﬁisé.
Whenever high impedance%gkass ﬁicroeleetrodes_are: e
used to reeord signals‘from bielogical tissues, it is
highly edvantageous to monitor the electrode resietanee_
at any time during an experiment, A resistance cheek
circuit was therefore incorporated into the amplifier
design. As is shown in Appendix III, if a triangular
wave 1s .applied to the positive input of Aj through a
small eepacitor, the output eo will be proportional to .
the eleetrode resistance Re. The circuit which was ueed‘

to generate a triangular wave is shown in Figure 33c.
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fheloperation of this'circuit can be eésilj éeen by:‘
noting that a fraCtioﬁ é3 of the saturation‘voitage,+VB
(for‘instance) will appear across the S Kfl‘potentioﬁéter
in the voltage dividef circuit Which'is,épplied to the
positive input of the RA709C amplifier (Fairchild Elec-
tronics). At the same time, the O.BStL F capacitor‘will:
charge up integrating eg until eR)»eB at which time the
output.eB'switches to -Vg. The capacitor will then dis-
charge in a ramp fashion until eg< e, when the output
egp will again go to +Vy and the cycle is repeated.' This-
results in a triangular wave at ep. This voltage ep
shown applied to Cjp in‘Figure 333 then.allowé'fbr elec-
trode resistance measurements during thé'cburée of the
experiments;

The actual amplifier design for the bésic recording
unit is shown in Figure 33b. Both the DC offéet voltages
can be nulled to zero by the 500{L potentiometeré and
the balance control on the operational émplifiérs them-
selves. The cépacitors C acroés the supply batteries -
to gfound eliminate any voltage fluctuations due to those
batteries. The shielded cables reduce most of the inter-

ference voltages which are picked up by the leads. The
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0.2 ‘HF,.cép'aéi.t_Qx.'v at 'thg‘.‘output‘ e, .-is‘ ased to li;niit"'thé
band w"i'dt-h ‘of the noise "_'vo‘ltages.' ‘The_n:oise level ﬁndef
: lfull'y> ;;apéc itive compe\;}-‘“sa.t‘:éa‘ Acondi_tionsvwas nb mofe tban »
500 p when m,iéroelectrod:ezs: :/uth as hiéh as 100 MQ .

; impe&ance were used.

Thé resulting amplifiers h.vad iﬁput iinpeda:nces of -
approximately 1012ﬂ , ilnput currents of < 10_11- amperés-_,-‘
drift ,of<v.‘5 m‘vv per oﬁe-half .hour and coméensated frequency
respon'se of vover 3(.)KC‘ with electrodes whose resista_nces‘

were as high as 100 M. .

-
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APPENDIX II

" NEGATIVE CAPACITANCE FEEDBACK

In detecting aﬁd'amplifying.bibelectric‘signals,'
diStoftion Qf the signal is introduced byithe recording
eduipmént. Specifically, biéélectricity.détééted with
very high'resistance'glaSs microelectrodes will be dis-
thted:if fast Voltage flqctuations are contained in the
bioelectric signal. As shown below, ﬁhis is mainly duev

to the poor frequency response of glass microelectrodes

and stray input capacitances of amplifiers. In order to

overcome this, negative gapacitance feedback may be.frdit-
fully employed to increase the frequency response of the
entire recording system.. Only a very'simple heuristic
way of demonstrating the negative capacitance feedback
effect is given here.

Consider the schematic diagram (a) which shows a
microelectrode_(ME) inserted into cell B which generates
a biolpgical signaiveB. The amplifier of gain A is an
ideal amplifier which introduces né distortion.intovthe,»
system. C4 is an inpﬁt capacitance. The loop containing

the capacitance C is the negative capacitance feedback loop.



176

Re
; le |
=% ‘ : ‘v £
U A
ce | T=c,
2=
bi’_agram'v(a) I - Diagram (b) .

Diagram (b) is a simplified equivalent electrical circuit -
for the setup in (a). The circuit within the dashed lines

represents the microelectrode (ME). Due to thevhigh imff

3
lﬁedanCe (Re) and non-zero capacitance (Cg) of the micrd;
electrode and the inpﬁt capacitance Cy of‘the;amplifier;
the éighal ep will be distorted as it appears at thé?i
oﬁtput e5. This distortion cén bé eliminated if ome can
find conditions in which the Qutput of the system e, 1is
related to fhe input ep by a constant G, i.e., e =.V.Ge‘B.

o}

It is now shown that by the use of a capacitive feedback:

loop (C) from the output to the input of the amplifier,'f .
this relationship can be approximately attained with G=A.

The transfer function of the system defined as

G(s) =Eg(s) ( (s) being the complex frequency variable in
- Egp(s) ‘ - '
B

I . h ) : . /
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the Laplace transfdrmation) wiil»be'détermined, éssuming:_
thatﬂthe amplifiér of géin‘A draws nd‘appreciable current
at its input and eséentially has constant gain A over |
the entire.freqﬁency spectrum.

The‘Lépléce transform equivalent of Kirchhoffs current’

law at node e; of dlagram b is:

Y I = Eal) —BiG) 4 5Cq (EB(S) Em) (M
Y |

+5C(Ep9 —E@)+ 5 (0-E@)-

 Noting that Ed(s) = A Eq(s)

and deflnlng Te = ReCe, T= ReC, Tl = ReCl

we substitute E (s)/A for E (s) in equation (1) and multlply
by A X Re. ‘

Therefore,

AESB) - Eo(® + ST A = STelo(S) + STAEL(S)
~_3”EEO(,S) - 8T, 50653 =0

rearranglng and collectlng llke terms:

AU+S‘Ce)E5(s) (H—S’t’e S‘CA+S’E’-¢-ST)E(5) (3).

or

c Ess) A(z+s’te)" |  <4>
s Eg(s)  [+S(Te+ T)+ T(-A))

m
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By selecting C and an apprbpriate gain A; it 'is clear”¢

that Qf(l-A)'can:be made close to -T, in which case

4
the tfansfer functioﬁ G(s) becomes o v
oy A1+ ST (5) .
Gloyw AULSTE) o p |

(/+STe)
Thus, by adjusting the negative capacitance to the input.
‘of the amplifier, the distortion due to the microelectrode

~and strayvcapacitances is essentially eliminated.

¢
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APPENDIX ITI

F1.ECTRODE ' CHECKING METHOD AND CIRCUIT

: - Consider the following equivalent circuit represen-
tatibn’ of a mie'r'oeleetro'de at 'the input of an amplifier A
w1th assoc1ated c1rcu1try to measure the electrode re51s—

tance (Re) -'(see dlagram C). Tt is shown below that ZMx‘Re(mV)
ASSOCIATED CIRCUITRY ™7 MICROELECTRODE r““- AMPLIFIER

Vi 1] EEQUNALENTCIRCUIT v

R IO S TC I g '0
A ©=2pF
W) €L == TP
- lﬂF B [
P S

' ' Diagram (c)
LetV(ﬁ)be a repetltlve square wave as shown in Dlagram (d)

+50¥ - |
vl || 1 | |
L:ns Ims i J et _

lo

Dlagram (d)
Under an applied pulse of V(t), the voltage pulse of
(t) w:.ll be given approx1mately by:

o~ HRE
V@) = 50 (/— €™ ) where RC’= 100 ms

Therefore ; at t=Ims , .\/,v(./mls)a Vpeak:
-1/ : ’
V(ims)= 50 (1= €7 )= Ypeak
Hence , Vpeak = 50(/ -/ 755 ) 'zé— Vol Using
the #irst +wo ferms of a Maclavrins seres ~ e”
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fﬂls glven approximately as shOWn |

_ WAAR o
27T ‘Diagram (e)
R |
1 ' VA ;_t

2 4 V : : ‘ _ N

ims ' L
) V2 can be computed by applylng Kirchhoffs current law. at ‘node Vo

Z [ = -—C i_(\/ Vz.)-f—RZ» -f-(C@-l-C/)c:/ﬂ/z — O (1)
e

or rearranglng _

ez +(ce+c +C, )c/Vz.-—C dv

Re =74 | |
or, o+ v‘?e (Ce+CC+C >a/f/z.— /?eCcc’l/ (Z)
dY s a Scpcmre; wave: .. *
aFt |
500 —
'E | Ims i | | o ;
3 | |

Therefo;re for 1 u/se
ReCoc/i/z +V~500CP€ where C‘o Cé+C + C
e

So V5 }LS QS-S/)own in &:

2=ReCo

- Imsg

s

e

- where %max ——:5'OOC’ :Z?e R L | '.ﬂ

Dlagram (f)

| Subs%/fuf/ng C, = ZPF and )Q@(MIZ}
o Vmax -—'wSDO ZpF Re- /O

| Thereérej Vo max = A% (mv-)
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and the founding is given by
-26= CORe =‘(C1 + Cé + CC)Re

which qaﬁ’Be_resqﬁaréd by compensation as was shown in’
_Appendix IT. |

: In practice,veiectfﬁdé rESistance‘iékchecked és
follows: the'triangular wavéform generated by the circﬁit 
shown in Figure 33c is appliedvfhrough the éépacitdr Co
(in Figure_33a) to the positive input of amplifier Ai;'
In the unéompenséted state,thé output e is a distOrted_
square wave as shown in diagram (£f). This distortionv
- is essentially compensated for by'adjustihg the potén4
tiometer Ry (see Figure 33a) to achieve maximum rise time
of the waveform; This maximum is judged by maximum ”sq#are-

ness'' of the output waveform e

o The peak amplitude of e

in millivolts gives the electrode resistance in Megohms.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person actmg on
behalf of the Commission:

A. Makes any warranty. or representation, expressed or 1mp11ed w1th
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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